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Abstract
Over the last few decades, the railways have become an integral part of transport
infrastructure offering an economical and viable alternative to the roadways. Of the
money invested by the organisations on the development of railways, a significant share
is allocated to track maintenance. The rail structure consists of three main geotechnical
components; the ballast, the subballast (or the capping layer, as it is commonly known in
Australia) and the subgrade. The subgrade layer forms the foundation of the railway and
plays a crucial role in controlling track stability. A longstanding challenge faced by the
rail geotechnical engineers is why and how the subgrade fines form a slurry under the
action of moving traffic loads?
The phenomenon involving the upward migration of the fine subgrade particles into the
coarser ballast layers is termed as mud pumping. This thesis is broadly divided into three
segments: (i) a critical review of the existing literature (ii) Experimental approach and
analysis of the test results to study the mechanism and (iii) Numerical simulations to
propose remediation measures. The thorough review of the reported sightings of mud
pumping across the world indicated that soils having low-to-medium plasticity are more
vulnerable to pump when subjected to traffic loads.
A series of laboratory experiments were carried out to investigate the cyclic response of
remoulded soil specimens collected from a problematic track site near Wollongong city,
NSW, Australia. The specimens were tested at loading frequency ranging from 1.0 to 5.0
Hz and a cyclic stress ratio (CSR) from 0.2 to 1.0. The laboratory test results showed that
when the CSR exceeds the critical cyclic stress ratio (CSRc), there is an internal
redistribution of moisture within the specimen which causes the top portion of the
specimen to soften and fluidise.
ii

To rationalise on the mechanism governing mud pumping, the experimental results were
analysed by evaluating the stiffness degradation of the soil specimens during cyclic
loading. The stiffness degradation index was calculated by the ratio of the axial dynamic
stiffness of the specimen at a given loading cycle to that of first cycle. The analysis
revealed that there is a significant drop in the stiffness of the fluidised specimen
irrespective of the loading frequency. The mean excess pore pressure plots combined with
the degradation index plot provided an estimate of the critical number of cycles required
for the onset of fluidisation.
The main factor contributing to mud pumping is the generation of high excess pore
pressure in the railway subsoil. A numerical study was carried out to model the vertical
drain inclusions in the railway substructure. The predictions indicated the efficiency of
vertical drains in regulating and dissipating the excess pore pressure build-up and thereby
delaying the onset of fluidisation of the railway subsoil.
Keywords: Subgrade fluidisation; mud pumping; ballasted rail tracks; undrained cyclic
testing; prefabricated vertical drains
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Chapter 1 INTRODUCTION
1.1 Background
Railways are a widely used mode of transportation for conveying people and goods alike.
They play a crucial role in establishing a connection between two places, a connection
that then grows into a network that facilitates travel to different destinations. The first
steam-powered locomotive in Australia ran from Melbourne to the present day Port of
Melbourne in 1854 (The Department of Infrastructure Transport Cities and Regional
Development), but since that time there has been a huge development in the railway
sector, with the 1980s marking the inception of investigations into high-speed rail
research. This increasing demand for a faster and more reliable rail network, and the
advent of heavy-haul trains, has revealed one of the common yet difficult challenges faced
by the railway geotechnical engineers - mud pumping. An extreme case of mud pumping
was observed at a track site near Port Kembla, NSW, where soil slurry was seen to have
pumped upwards under the action of heavy-haul rail (Fig. 1-1).

Fig. 1-1: Severity of mud pumping at a track site near Wollongong (Courtesy: Prof. Indraratna)
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Mud pumping is the upward migration of fines from beneath the subsoil into the ballasted
layer, under the action of moving train loads. It is a complex geo-hydraulic phenomenon
that leads to an increase in excess pore pressure and strain accumulation during the
passage of trains, and this degradation of the soil fabric causes fines to be pumped into
the coarser layers of ballast. Early reports into the pumping of fines date from the late
1950s when Yoder (1957) documented sightings of pumping in highways and airfield
pavements. Yoder (1957) observed that the performance of rigid highway pavements
constructed with granular sub-base materials depended mainly on the gradation of the
sub-base and the intensity of traffic loading. Most of this pumping occurred on taxiways
and the end of runway, as well as other similar areas of channelised traffic. The report
suggested that the loading characteristics and a set of contributory factors are required to
initiate the pumping of subgrade fines. Alobaidi and Hoare (1994, 1996, 1998, 1999)
carried out extensive laboratory tests to investigate the pumping phenomenon in highway
pavements and devised selection criteria for geocomposites to prevent the migration of
fines.
In the context of railway engineering, Ayres (1986) classified the deposition of subgrade
slurry in the ballast layers as failure due to erosion pumping. The tracks laid on cohesive
soils with a low bearing capacity are more prone to pumping in the presence of free water.
Aw (2007) also reported that a high water table and fouled ballast also contribute to the
problem of mud pumping, even though extensive soil characterisation of soils prone to
mud pumping has not yet been reported. Subgrade fluidisation or mud pumping is often
interpreted as liquefaction (Duong et al., 2014), due to the common causative factor
corresponding to high excess pore pressure which leads to near-zero effective stresses.
Thus, a detailed understanding of the terms “liquefaction” and “fluidisation” may enable
us to better describe the pumping of fines under ballasted tracks.
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1.2 Insights into the liquefaction phenomenon
In terms of traditional soil mechanics the term liquefaction describes the condition when
excess pore water pressure becomes equal to the initial effective confining stress (σ'3c ).
The most severe structural damage is usually due to the liquefaction of soils during an
earthquake, which is why most investigations of this phenomenon involved the
liquefaction of cohesionless sands. For example, during an earthquake and under dynamic
loading, soil particles tend to become rearranged, just as sugar packs down when the
container is shaken. During this process of densification, the soil skeleton transfers the
in-situ stress to the pore water (incompressible) trapped in the voids, and as is often the
case with dynamic loading, the time period for loading does not let the pore pressure
dissipate fast enough as the voids try to collapse, so there is an inevitable build up excess
pore water pressure. As the pore water pressure increases, there is also a reduction in the
effective confining pressure which leads to a considerable loss of shear strength as the
particles lose contact with each other.
Early mentions of liquefaction are noted in the context of hydraulic fill dam failures
(Hazen, 1920), so when the horizontal layer of loose saturated sand is compacted by
blasting, the grains of soil are floating in the pore fluid, and this causes an upward flow
that liquefies the sand on the floor of a cofferdam (Florin and Ivanov, 1961).
1.2.1 Hazen’s liquefaction
Hazen’s liquefaction can be termed as a phase transition which is initiated by an unstable
chain reaction (Schofield, 2005), so when a sudden force is applied onto the discrete soil
matrix the slip of one soil particle releases the elastic stress it carries to the water in the
neighbouring pore space, and when the pore water pressure exceeds the contact stress, the
other soil particles fall apart “like a house of cards”. The unstressed grains of soil flow in
3
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the water as if the soil has melted, and this flow continues until the excess water finds a
way out. Casagrande (1936) extended Hazen’s liquefaction to explain that loose soils are
more likely to liquefy, whereas dense soils are generally safe. In dense soil, the structure
expands while shearing, so it does not impart any stress to the pore water, however
Casagrande (1976) reported that even dense sands could liquefy if the loads are high
enough.
1.2.2 Herrick’s liquefaction
The term “Herrick’s liquefaction” was coined by Schofield (2005) after a poem written
by Robert Herrick, an English clergyman, in the 1600’s.
Upon Julia’s Clothes
Whenas in silks my Julia goes,
Then, then, methinks, how sweetly flows
That liquefaction of her clothes.
Next, when I cast mine eyes and see
That brave vibration each way free;
O how that glittering taketh me!
In the above poem, the poet defines liquefaction in terms of a “flow” in the absence of
stress, whereas with silt and clay, zero effective stress alone may not be enough to initiate
liquefaction (Schofield, 2005; Muhunthan and Worthen, 2011). As in the above poem,
Julia’s movement sets the silk clothes in motion, a similar process is needed to set the
grains of soil in motion. As for Herrick’s liquefaction, the soil particles should have a
near zero-effective stress and be subjected to a triggering force to cause the flow
(Worthen, 2009).
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1.3 Liquefaction vs fluidisation
Arguably, Herrick’s poem paved the way for using the word liquefaction to describe the
behaviour of soil. Herrick used the word in a worldly sense, whereas Hazen gave
liquefaction the meaning we attribute to it today. Chemical engineers have used fluidised
beds and specialised gas chambers (Kunii and Levenspiel, 2013) to segregate solid
particles. The Oxford English dictionary defines:
Liquefy - To reduce into a liquid condition.
Fluidise - To cause (a mass of finely divided solid) to assume fluidity and other
characteristics of a liquid by passing a current of gas, vapour, or liquid upwards
through it.
In contrast, mud pumping occurs at shallow saturated subgrades under the action of
moving loads (both for pavements and railways) due to the build-up of cyclic excess porepressure (Duong et al., 2013; Duong et al., 2014), which is why extensive laboratory
testing is needed to improve our understanding of the mud pumping mechanism.

1.4 Objectives of this study
This current research can be broadly categorised into two themes (i) Experimental studies
– to investigate the governing mechanism behind mud pumping, and (ii) Numerical
simulations – to propose a feasible solution to prevent mud pumping. This is further
elaborated as set out below:
(i)

Experimental Study
•

To study the applicability of existing liquefaction criteria in predicting the
behaviour of soil prone to mud pumping.
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•

Site investigations of a rail track which frequently experiences mud
pumping; and collecting soil samples from the top of the subgrade layer to
investigate its geotechnical properties.

•

To carry out a series of cyclic triaxial tests to quantify the parameters
which affect the cyclic response of subgrade prone to mud pumping.

•

To carry out a post-cyclic analysis on specimens that pumped in the
laboratory and examine the failure modes of the fluidised specimens.

•

To evaluate the critical cyclic stress ratio (CSRc) that causes the
fluidisation of a specimen and study the effect that the initial dry density
has on the critical cyclic stress ratio (CSRc).

•

To estimate the critical number of cycles (Nc) required to fluidise the test
specimens at different loading frequencies and initial dry density.

(ii)

Numerical Study
•

To evaluate the stiffness degradation index δ, to capture the reduction in
stiffness of specimens under cyclic loading.

•

To propose a model to evaluate the mean excess pore pressure generated
during cyclic loading as a function of the applied cyclic stress ratio. By
knowing the cyclic stress applied by the passage of trains, the mean excess
pore pressure can be evaluated.

•

Evaluating the energy stored in the specimen during cyclic loading and
then analysing the fluidised specimens based on the cumulative shear
strain energy density.

Running numerical simulations to determine how effectively vertical drain inclusions can
delay the onset of mud pumping.
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1.5 Organisation of the thesis
This thesis is divided into seven chapters, of which Chapter 1 includes this Introduction.
A brief description of these chapters is as follows:
Chapter 2 describes the typical components of a rail track substructure and the various
modes of subgrade distress. It defines mud pumping with reference to railway engineering
and highlights the associated problems. This chapter also summarises the key findings of
past researchers and critically analyses the various mechanisms proposed to explain the
phenomenon known as mud pumping. It also includes a synopsis of the remediation
techniques adopted by practicing engineers to alleviate the problem of fines migration.
Chapter 3 presents a comprehensive review of existing literature on the cyclic behaviour
of subgrade soils. It includes key inferences regarding the cyclic response of soft subgrade
soils subjected to various loading conditions. The effect of the critical cyclic stress ratio
(CSRc), the loading frequency (f), soil plasticity and drainage conditions during cyclic
shearing is described in detail.
Chapter 4 is an investigation of the undrained cyclic response of remoulded soil samples
procured from a track site near Wollongong, NSW Australia through a series of cyclic
triaxial tests. These tests were carried out under undrained conditions because the excess
pore pressure played a crucial role in the failure of the test specimens. The critical cyclic
stress ratio (CSRc) was identified for the test specimens at various initial dry densities and
the influence of the loading frequency was noted in detail. The development of cyclic
axial strains and mean excess pore pressure (EPP) plots are presented and the rate of
increment of the EPP data is also evaluated. A post-cyclic analysis of the fluidised
specimens revealed an internal redistribution of water contents under cyclic loading, and
there was an increment in the fines content in the upper layers of the test specimen.
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Chapter 5 describes the computation of the “Stiffness Degradation Index” that is needed
to understand the reduced stiffness of the fluidised test specimens. It was seen that the
rapid reduction in the stiffness of test specimens subjected to cyclic stress was greater
than the critical cyclic stress ratio (CSRc). An empirical model was also proposed to
predict the mean excess pore pressure as a function of the applied cyclic stress ratio. A
novel methodology was proposed to estimate the critical number of cycles (Nc) required
to fluidise a specimen. Furthermore, the cumulative shear strain energy (CSSE) density
was computed for the fluidised specimens so that the amount of strain energy stored
within the specimens could be understood.
Chapter 6 is a study of vertical drain inclusions in the rail subsoil using the finite element
(FE) package PLAXIS2D. A sensitivity analysis was carried out to optimise the model
dimensions and to set the mesh size. The model was validated under linear elastic
conditions using Boussinesq’s theory. Cyclic loading was simulated using dynamic load
multipliers to mimic the real-time load generated during the passage of trains. The results
indicated that vertical drain inclusions not only reduce the magnitude of pore pressure
build-up but also help to dissipate pore pressure during cyclic loading. On this basis,
vertical drains are a viable alternative to prevent the pumping of fines in railway
substructures.
Chapter 7 concludes this dissertation by presenting the practical implications of this
research. It also provides potential areas for further research with a key focus on the
micromechanical aspects of soil.
The last section concludes with the list of “References” that supplement the information
in some chapters in this thesis.
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Chapter 2 MUD PUMPING: A RAILWAY

PERSPECTIVE
2.1 Introduction
Put simply, mud pumping is the upward migration of subgrade soil fines through the
coarser ballast or sub-ballast layers. The attrition of subgrade by the overlying ballast
layer due to a high ground-water table results in the formation of slurry at the ballastsubgrade interface, and when this slurry is subjected to repeated cycles of traffic loading,
it is then pumped up to the surface of the ballast (Li and Selig, 1995). Several examples
of the extent of mud pumping in ballasted railway tracks around the world can be seen in
Fig. 2-1. The intrusion of subgrade fines fouls the ballast, hinders its free draining
capacity, and reduces the interlocking between the angular ballast particles (Tennakoon,
2012). Moreover, the pumping of subgrade slurry reduces the bearing capacity of the
track foundation which in turn has a detrimental effect on the concrete sleepers. Fig. 2-1
shows how the base of a concrete sleeper a mud pumping prone site near the city of
Wollongong, Australia, has deteriorated due to the continual passage of trains.
Early reports of the occurrence of mud pumping date from the late 1950’s when Yoder
(1957) investigated the case of fines migrating in highways and airfield pavements. Yoder
(1957) summarised the factors that contributed to the pumping of fines as, (i) soil
plasticity, (ii) the presence of free water under the slab, and (iii) heavy traffic loads.
Particle gradation also played a crucial role where for instance, poorly graded base course
materials containing excessive amounts of fines (over 35% finer than 75 μm) showed
signs of pumping under airfield pavements.

Chapter 2 Review on Mud Pumping
(a) Subgrade pumping in the Goonyella system, QR National (Indraratna et al., 2012)

(b) Sénissiat, France (Trinh et al., 2012)

(c) Mansfield station, Massachusetts (Aw, 2007)

Severely fouled ballast
(d) Track site near Wollongong City, Australia

Damaging effect on the concrete sleeper due to loss of
contact with the ballast due to extensive mud pumping
Fig. 2-1 Mud pumping in ballasted railway tracks across the world
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2.2 Railway track substructure
A typical ballasted rail track is a load distribution system in which the dynamic loads
from the passage of trains are transferred through the rails to the sleepers (Fig. 2-2); this
load is then transferred onto the subgrade soil through the ballast and sub-ballast layers.
The amount of stress transferred to the foundation subgrade depends on the mechanical
properties of the subgrade soil, but in general, a cohesive type of subgrade is most
problematic due to its high deformation characteristics and low shear strength.

Fig. 2-2: Typical components of a railway track

A rail track structure has two components viz., the superstructure and the substructure.
The superstructure contains the rails, the fastening devices, and the sleepers (ties). Note
that rails are generally classified in terms of their linear density, but they must be strong
enough to act as load-bearing beams to transfer a concentrated wheel load onto the
sleepers. A railway sleeper is a rectangular support on which the rails are fastened. It is
usually made from concrete and its main function is to distribute the loads from the rail
to the coarse ballast and underlying formation.
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The substructure-superstructure is marked by the sleeper-ballast interface. It consists of
the ballast, sub-ballast layer, and the subgrade layer. A brief description of the basic
functions of these layers is as follows:
• Ballast:
In railway engineering a ballast layer essentially consists of coarse aggregates
placed over the subballast and subgrade layers. Its main purpose is to withstand
the loads transferred by the sleepers; it is usually 250-300 mm thick and consists
of blasted rock aggregates originating from high quality igneous and metamorphic
rock quarries (Indraratna et al., 2011). Ideal ballast provides a stable load-bearing
platform that will uniformly support the sleepers by providing good stability
against the vertical, longitudinal and lateral forces generated by typical train
speeds. The ballast layer must also have a good drainage capacity and be able to
adequately resist crushing, attrition, weathering and mechanical degradation.
• Subballast:
The subballast is a layer of aggregates placed between the ballast and the
subgrade; it is also known as the ‘capping layer’. The main function of the
subballast layer is to prevent coarse ballast particles from penetrating into the
subgrade and subgrade fines from migrating upwards into the ballast. The
subballast consists of well-graded medium to coarse grained granular fills and in
Australia the subballast layer is about 100 – 150 mm (Indraratna et al., 2011) thick.
The subballast layer acts like a permeable medium to allow water to flow into the
lateral drainage channels. It also helps to dissipate the excess pore water pressure
generated in saturated subgrade soil by allowing upward flow; it therefore acts
like an inverted filter.
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• Subgrade:
The subgrade is a formation soil made from either compacted natural ground or
transported fill embankment, upon which the track structure is built. It is a loadbearing layer that serves as a platform for the sub-ballast and ballast layers. The
dynamic stress induced into the subgrade soil attenuates with depth (Liu and Xiao,
2010), so the top of the subgrade surface experiences a one-way type of dynamic
stress whereby the load is essentially compressive in nature (Fig. 2-3). The
stiffness of subgrade soil is believed to influence the deterioration of the ballast,
rails, and sleepers; it is also main source of differential rail settlement, particularly
with a cohesive subgrade.

Fig. 2-3: Stress pulse on the top of the subgrade (a) Freight train - 22.5 ton at 120 kmph (b)
Passenger train - 23 ton at 200 kmph (after Liu and Xiao, 2010 with permission from ASCE 1)

1

This material may be downloaded for personal use only. Any other use requires prior permission of the
American
Society
of
Civil
Engineers.
This
material
may
be
found
at
https://ascelibrary.org/doi/10.1061/%28ASCE%29GT.1943-5606.0000282
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2.3 Common modes of subgrade distress
Selig and Waters (1994) observed the different types of subgrade distress that can develop
under various conditions. The following is a summary of the commonly noted problems
with soft subgrade:
2.3.1 Massive shear failure
The loads resulting from the train, the track superstructure, and the horizontal force
components from adjacent trains are the probable cause of massive shear failure. The slip
surface under the formation level of a railway embankment causes a sudden loss of the
track surface, such that the amount of deformation is very large with massive shear
failure.
2.3.2 Progressive shear failure
Repetitive loading from the passage of trains results in progressive shear failure. During
repeated loads the subgrade soil may fail if the loads are lower than the static shear
strength (Sangrey et al., 1969). With every cycle the excess pore pressure accumulates
because the elasto-plastic nature of the soil reduces its shear resistance. The plastic flow
of subgrade caused by localised shear failure pushes it outwards and upwards onto the
ground surface; this progressive shear failure destroys the track profile which means the
rails must be frequently raised (Fig. 2-4).
2.3.3 Consolidation settlement
Settlement can occur during consolidation due to the surcharge of embankment fill or
conversely, it may swell if there are excavations. Either way it results in significant
differential settlement, particularly at the transition zones. Nonetheless, deformation due
to consolidation can be readily assessed and the solution can be obtained by using the
14

Chapter 2 Review on Mud Pumping
vertical drains to consolidate the soil prior to construction, for example (Indraratna et al.
2005a; Indraratna et al. 2009; Indraratna et al. 2010).

Fig. 2-4: Modes of subgrade failures under the railway embankment

2.3.4 Excessive plastic settlement
The repetitive application of traffic loads causes irreversible (plastic) settlement in the
subgrade; this accumulation of plastic deformation during cyclic loading can be attributed
to:
(a) Generation of shear strains
(b) Densification, and
(c) Excess pore pressure dissipation
There can be a high level of plastic settlement in a track without shear failure, but it affects
the traversing quality quite severely and also accelerates track deterioration. Furthermore,
track irregularities result in higher stresses being generated onto the track substructure
(Indraratna et al., 2010).
The current measure used to overcome the loss of track elevation is to repack the track
with additional ballast to bring it back to the desired level. However, driving the ballast
into the surface of softened subgrade can result in the formation of ballast pockets which
trap water, which then softens the subgrade soil (Selig and Waters, 1994).
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2.3.5 Attrition
When a ballast layer is placed directly over a fine grained soil, without the inclusion of
sub-ballast, it may lead to soil attrition and mud pumping. The phenomenon of mud
pumping is discussed in detail in the following chapters. At high cyclic excess pore
pressures and high hydraulic gradients, the water and finer soil fractions combine to form
slurry on the subgrade surface. During the passage of trains the upwards and downwards
movement of the sleeper ties results in a dynamic suction which draws the fines upwards
(Takatoshi, 1997). The migration of fine particles from the subgrade soil will cause the
rails and ballast layer to settle, and the slurry to accumulate and flow into the ballast layers
and cause fouling.

2.4 Relevant literature on mud pumping
Despite mud pumping being a widely occurring problem, very little information is
available on its governing mechanism. The following section reviews the findings from
the limited literature available and helps to provide crucial insights into the complex
phenomenon of mud pumping.
2.4.1 Ayres (1986)
Ayres (1986) suggested that the movement of track on fouled ballast was worse, even
when the subgrade had a very high strength. When ballast has been fouled with fine claylike particles it can no longer function as a primary drainage, with the inevitable result of
non-uniform stress distribution (Tennakoon, 2012). The fines which are squeezed into the
ballast can originate from the subgrade soil or the crushed ballast particles; this was based
on how mud pumping was broadly classified into two categories (Ayres, 1986):
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i.

Erosion Pumping Failure (EPF): In this case the slurry is derived from the
subgrade soil. There are two mechanisms that often occur simultaneously, both of
which can lead to this mode of failure. (a) The formation of an interlayer which
penetrates between the ballast and subgrade layer. This is relevant in the case of
conventional railway tracks constructed by putting ballast directly onto the
subgrade (unlike modern lines for high speed rail networks, and (b) the
development of high cyclic stresses at the subbase-subgrade interface under cyclic
loading.

ii.

Dirty Ballast Pumping Failure (DBPF): In this case the slurry formed in the
upper ballast level stems from the collection of attrition products from poorly
graded weak ballast, or wind-blown sediments and sleeper erosion, etc. This form
of slurry depends on the mechanical properties of the ballast and can be limited
by controlling its gradation and mineral quality.

2.4.2 Alobaidi and Hoare (1994, 1996, 1998, 1999)
In the 1990’s, a significant contribution in understanding the pumping of fines was led by
a research group at the University of Birmingham. Since fine subgrade soils have low
permeability, the cyclic pore pressure dissipating from the subgrade during the unloading
cycle would occur at the layer closest to the subgrade-ballast interface (Alobaidi and
Hoare, 1996). Alobaidi and Hoare (1994) concluded with general conditions that could
cause fines to be pumped from the subgrade:
i.

a high fines content in the subgrade soil

ii.

lack of fine particles in the subbase or sub-ballast layer

iii.

free water at the subgrade-ballast interface

iv.

Repetitive loading
17
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Alobaidi and Hoare (1999) proposed that the pumping of fine particles depends mainly
on the cyclic excess pore pressures generated at the subgrade-ballast interface; the
dissipation of cyclic excess pore pressure would result in the generation of a high
hydraulic exit gradient. However, proving this proposed mechanism experimentally
would be challenging because measuring the pore pressure developed at the interface is
difficult. This research at the University of Birmingham then focussed on correlating the
pore pressure developed with the amount of soil pumped under cyclic triaxial tests. These
cyclic triaxial tests were carried out with either a layer of geotextile or geo-composite
(combination of geotextile with sand layers) in order to study the preventive measures.
The pore pressure at the interface was measured by installing a pore pressure transducer
7 mm below the bottom of the geotextile / geo-composite layer. The ballast particles were
simulated using 15mm diameter hemispherical balls epoxied to the top cap, as shown in
Fig. 2-5. A mean cyclic stress of 20 kPa was applied onto the cell, with a cyclic stress of
10 kPa (i.e. 20 ± 10 kPa) at a frequency of 2.0 Hz. The amount of pumping was obtained
at the end of the test by measuring the weight of fines that passed through the geotextile.
The shortcomings of this experimental study were that any variations in the cyclic pore
pressure could not be linked to the volume of material being pumped as the cyclic stress
was applied. The amount of fines measured can be converted in terms of the equivalent
loss of thickness (ELT), using the following formula:
ELT= ∆h (pump) =

wf
Af ×𝜌𝜌𝑑𝑑

where w f is the mass of soil pumped through the geotextile (kg), A f is the cross-sectional
area of the applied load (m2), and ρd is the dry density of the subgrade soil (kg/m3).
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Fig. 2-5: 3D triaxial test cell developed by (modified after Alobaidi and Hoare, 1998)

The phenomenon of mud pumping was studied by first developing a 1D unit cell
(Alobaidi and Hoare, 1994) and then a 3D unit cell (Alobaidi and Hoare, 1998), as shown
in Fig. 2-5; these cells were designed to propose qualitative guidelines for anti-pumping
geo-composites. One dimensional unit cell tests were carried out on a 230 mm diameter
subbase plate whereas the three dimensional cell had a 75 mm diameter subbase plate.
The results for the 1D and 3D pumping tests for two cases of soil with, (i) a geotextile
layer, and (ii) a geo-composite layer, are shown below in Fig. 2-6. The experimental
results indicate that the rate of pumping decreases with the number of loading cycles, due
to the following: (a) the formation of a self-induced filter at the back of the geotextile
which is assumed to be due to particle gradation, and (b) a reduction in the contact stress
of the ballast particles with the subgrade, as the penetration of sub-base particles increases
the contact area and decreases the contact stress until equilibrium is achieved, (c) clogging
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of the geotextile such that the percentage of precipitated fines increased with the number
of cycles. This then reduced the effective pore size of the geotextile, decreased the
permeability and the rate of pumping, (d) the viscosity of the slurry. As pumping
progressed the water interface became more viscous, which then reduced the flow of
slurry across the geotextile. The total soil deformation, measured using LVDT at the top
platen level, is a combination of soil pumped through the geosynthetics (determined at
the end of the test) and the deformation of the soil sample.
2.4.2.1 Development of pore pressure near the interface
The typical profile of pore water pressure near the interface is described by peak pore
pressures at around 2000 to 5000 cycles (Fig. 2-6). The resulting total deformation
continuously increased until 160,000 loading cycles and did not have a bell-shape profile
for the pore pressures. Tests 1-4 (1-D) and 2-1 (3D) had the highest mud pumping despite
having the lowest pore pressure. Therefore, there is no distinct correlation between the
total deformations and pore pressure profiles, and high cyclic pore pressures need not
play a role in the mud pumping phenomenon.
Table 2-1: Laboratory measurements from Alobaidi and Hoare, (1998)
Test

Material used for anti-

Added

Type of

ELT Δh

Δh

No.

pumpingΦ

Water (ml)

Loading

(pump)

(def)

(mm)

(mm)

1-1

Geotextile

500

1-D

1.90

1.55

1-2

Geotextile + 15 mm sand

720

1-D

2.74

6.48

1-4

Geotextile + 3D grid filled

720

1-D

4.43

8.63

with sand

Φ

2-1

Geotextile

720

3-D

12.00

8.20

2-2

Geotextile + 15 mm sand

720

3-D

0.60

1.62

For properties refer Alobaidi and Hoare (1998) (with permission)
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2-3

Geotextile + 3D grid filled

220

3-D

0.17

1.03

720

3-D

2.92

6.38

720

1-D

2.21

3.03

with sand
2-6

Geotextile + 3D grid filled
with sand

4-8

Geotextile

Fig. 2-6: Total deformation (measured by LVDT at the top platen) is a combination of pumped
material and subgrade deformation (Alobaidi and Hoare, 1998)

2.4.2.2 Effect of geotextile and geocomposites
Alobaidi and Hoare (1998) also investigated the inclusion of geosynthetics as a separation
layer between the subgrade and the hemispherical sub-base plate. The amount of pumping
was heavily influenced by the type of geosynthetic layer, so in the 3D setup, the geotextile
layer had higher migration of fines than the two geocomposites with sand layers. One
plausible reason could be that the geotextile layer acts like a filter and a separation layer.
The excess pore pressure at the interface of the subbase particles could dissipate quickly,
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thereby causing a high exit hydraulic gradient that pushed the soil particles upwards.
However, the geocomposite layer acted like a barrier, thus increasing the drainage path,
reducing the flow of the water, and trapping any subgrade particles that could have been
pumped. The opposite was true for the 1-D case. There was no difference between the
mud pumping produced by using geotextile and geotextile with a 15 mm layer of sand.
The geocomposite with a three-dimensional grid filled with sand experienced twice the
amount of mud pumping than the other geosynthetic layers.
2.4.2.3 Effect of standing water
When the ballast layer becomes clogged or when the subgrade has a low permeability,
water (e.g. from rain) can accumulate above the subgrade layer; this is called standing
water. To study the effect of standing water on mud pumping, Alobaidi and Hoare (1994)
added various amounts of standing water onto the soil specimens and let it soak for 24
hours. They observed increased pumping activity as the amount of standing water
increased (Fig. 2-7a). Furthermore, the effect of frequency on the amount of pumping was
more pronounced at higher levels of standing water (Fig. 2-7b).

(a)

(b)

Fig. 2-7: (a) Effect of standing water (b) Effect of loading frequency on mud pumping (Alobaidi
and Hoare, 1994)
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Alobaidi and Hoare (1999) also studied the change in water content with respect to depth
due to the addition of standing water. A soil sample was consolidated to 200 kPa and
unloaded to 10 kPa, soaked with 720 ml of water for two weeks, and then the water
content was measured at various depths (Fig. 2-8). The water content measured at a depth
of 2 mm was 38.5%, which was less than the reported liquid limit of soil (wLL = 48.5%).
However, the water content at the top 1 mm layer probably exceeded the liquid limit of
the soil. After the test, visual inspections indicated that the grains of soil at the surface
were loose and erodible. This may be due to the high water content (i.e., exceeding the
liquid limit) which would cause particles to erode from the top of the subgrade layer.

Fig. 2-8: Variation of water content with sample depth post two weeks of soaking (Alobaidi and
Hoare, 1999)
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Shortcomings from the above experimental program:
•

The use of a hemi-spherical metallic sub-base instead of conventional ballast did not
ensure actual interaction between the ballast and the subgrade.

•

The amount of pumped fines was measured only at the end of every test. This does
not explain the relationship between the developments of cyclic pore pressures and
the amount of pumping at different loading cycles.

•

The confining pressure cannot be regulated for the pumping apparatus to simulate the
effect of depth because mud pumping is a shallow surface phenomenon.

•

The size and boundary conditions played a decisive role in analysing the results from
the experiments carried out. The small-scale experiments did not give a complete
picture and therefore cannot comprehensively explain the mud-pumping
phenomenon.

2.4.2.4 Finite element simulations
Alobaidi and Hoare (1996) carried out a simple finite element analysis to investigate the
pore pressure generated in the subgrade soil under a sustained load. The geometry of the
model is as shown in Fig. 2-9. When a load is applied, pore water pressure is generated
in the saturated subgrade soil, and when the load is removed the excess pore pressure
dissipates. The variations in pore pressures are plotted at different time periods (see Fig.
2-10). Within 0.25 seconds, the pore pressure at the end of the subbase particle dissipated
quickly, decreasing from 10.0 kPa to 0.6 kPa. This difference in pressure between the
centre and end of the particle is equivalent to a hydraulic gradient of 147. This high
hydraulic gradient was thought to be one of the leading reasons for the subgrade fines
eroding from the surface (Alobaidi and Hoare, 1996).
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Fig. 2-9: Element geometry to investigate the pore pressure build-up (Alobaidi and Hoare,
1996)

Centre of the sub-base particle

- - - - Edge of the sub-base particle

Fig. 2-10: Analysis of the results from the simulation carried out by Alobaidi and Hoare (1996)
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2.4.3 Takatoshi (1997)
Takatoshi (1997) suggested that the dynamic suction due to the passage of trains played
a key role in drawing the underlying subgrade particles during the unloading cycle (Fig.
2-11). During the rest period between the passages of trains the ties are suspended from
the rail because the subsoil has eroded, but as the passage of trains begins, the ties are
thrust into the ground high pore fluid pressure develops. During unloading, the region
evacuated by the ties creates a negative pore pressure or suction which draws the fines
upwards from the subgrade, a process that is repeated for every loading cycle. However,
there is no laboratory evidence to suggest that suction actually initiates the mud pumping
of subgrade.

Fig. 2-11: Suction based model for mud-pumping proposed after Takatoshi (1997)

2.4.4 Hayashi and Shahu (2000)
Hayashi and Shahu (2000) proposed that the fluidisation of fine subgrade causes pumping
because it involves the scouring and gradual loss of fine particles. “Fluidisation is the
operation by which fine solids are transformed into a fluid-like state through contact with
a gas or liquid” (Kunii & Levenspiel, 2013). As the train passes over the saturated
subgrade, there is an increment in the pore water pressure which results in an increase in
the seepage velocity which causes subgrade fluidisation. To simulate the phenomenon of
pumping, the authors designed a setup with soil beneath the invert and walls of a tunnel.
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The main aim was to estimate the location of the weep holes in the tunnel at various
hydraulic gradients and loading frequencies. They also observed that the loading
frequency had no significant effect on the quantity of pumped fines.
2.4.5 Aw (2007)
Aw (2007) carried out a field investigation at Mansfield Station, Massachusetts, USA, at
a problematic track site to study the mechanism of mud pumping. Since the permeability
of subgrade is often less than fouled ballast, the rate of infiltration into the subgrade was
less than the supply of rain, which caused retention. During periods of rainfall the perched
water table creates mud holes or mud spots, which during the passage of trains would be
thrown up into the ballast layers. This is similar to the standing effect reported by Alobaidi
and Hoare (1994). Furthermore, a gap is created under the ties by the local compression
of ballast which leads to a lateral spreading of the ballast layer. Deficiencies in the
localised soil cause water to accumulate in ponds under the ballast layer which results in
high dynamic pore pressures being imposed as the ties are pounded. Moreover, as the
ponds freeze and thaw along the track, there is immediate track degradation. A similar
mechanism of track deterioration proposed by Raymond (1986) was caused by the top
down thawing of ice.
2.4.6 Duong et al. (2014)
Duong et al. (2014) designed a 550 mm Perspex triaxial cell to simulate the migration of
fines from the subgrade into the ballast layer (Fig. 2-12). The subgrade consisted of an
artificial mixture (70 % crushed sand + 30 % kaolinite clay by dry weight) and had a 160
mm thick layer of ballast on top. While ever the subgrade remained unsaturated, no fines
pumped, but during cyclic loading the ballast penetrated into the subgrade layer and
pushed the fine particles upwards. Moreover, the dissipation of pore pressures led to the
migration of fines into the ballast.
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Fig. 2-12: Migration of fines for a saturated subgrade after cyclic loading (Duong et al., 2014 2)

2.4.7 Kermani et al. (2019)
Kermani et al. (2019) analysed the migration of fine particles into the sub-base layer of a
flexible pavement using the theory of particle transport and deposition in a porous
medium. The analytical framework involved using the basic principles of flow in
cylindrical tubes whereby the particle size of the subgrade, the pore size and permeability
of the sub-base, and the pore-fluid viscosity are considered in the theoretical approach.
Model tests were also carried out on a scaled section of pavement to complement the
analytical method. The numerical approach can predict the migration of fines within the
sub-base layer quite accurately, even though the model is based on a one-dimensional
continuum. It is believed that with the continuous pumping of fines, the viscosity of the
pore fluid increases, which could reduce the rate of pumping, however the results indicate
that a higher erodibility of the subgrade increases mud pumping and subsequent clogging
in the subbase. Thus, this complex process of the migration of fines is governed by the
hydraulic conditions, erodibility of the subgrade, porosity of the sub-base, and the
physicochemical conditions.

2

With permission from ASTM GTJ
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2.5 Factors affecting the mud pumping of fines
2.5.1 Soil plasticity
The reported sightings of mud pumping in the literature are summarised in Table 2-2. Soil
plasticity is an inherent property of the subgrade. Note that most problematic subgrade
soils consist of inorganic clays with low to medium plasticity, which, as Fig. 2-13 shows,
have a soil plasticity that is close to the A-line (Singh et al., 2019).

Fig. 2-13: Soil plasticity chart of subgrade soils prone to mud pumping (after Singh et al. 2019)

2.5.2 Susceptibility towards liquefaction of soils prone to mud pumping
A lot of studies reported the liquefaction of soils under dynamic loading (Seed and Lee,
1966; Castro, 1975; Boulanger and Idriss, 2004; Muhunthan and Worthen, 2011). When
the effective stresses in the soil matrix reach zero due to an increase in pore water
pressure, the soil liquefies. Duong et al. (2014) carried out model tests on subgrade soil
and observed that the excess pore pressure in subgrade soil was greater than the minimum
applied cyclic stress.
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Table 2-2: Summary of the reported studies on the occurrence of mud pumping (after Singh et
al. 2019)

Reference

Chawla and
Shahu
(2016a)

PI

LL
(%)

USCS

Remarks

- Delhi Silt
5

25.5

ML

- Model Tests
- Geosynthetic layer
- 70% sand + 30% Kaolin clay Soil

Duong et al.
(2014)

11

27

CL

- Pumping occurred on saturated
subgrade
- Formation of ‘interlayer.’

Trinh et al.
(2012)

- Sénissiat, France
24

57.8

MH

- Highly plastic with >50% fines
- Influence of water content

Voottipruex
and
Roongthanee
(2003)

- Railway embankment in Thailand
21

43

CL

- Remediation by fly ash and type I
Portland cement
- Strengthening of soil to reduce pore
pressure build-up
- Shirasu Soil, Japan

Hayashi and
Shahu (2000)

-

-

SW

- Propose fluidisation as governing
mechanism
- Provision of weep-holes to mitigate
mud pumping
- Keuper Marl soil

Alobaidi and
Hoare (1999)

26

49

CL

- Unit cell tests with spherical sub-base
particles
- High permeable geotextile may cause
erosion of the subgrade

Ayres (1986)

24

44

CL

- Overconsolidated marine deposited
calcareous clay
- Classifies mud pumping by two types of
erosion failures
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The liquefaction criterion proposed by Bray and Sancio (2006) was imposed on the
existing pool of soil data (Fig. 2-13). This approach considers the water content of soil as
well as the Atterberg limits (Plasticity Index and Liquid Limit) to quantify its
susceptibility to liquefaction. Fig. 2-14 shows that by itself, the liquefaction criterion
cannot be used to predict which soils are more prone to mud pumping.

Fig. 2-14: Liquefaction susceptibility of mud pumping prone soils (after Singh et al. 2019)

2.6 Mitigation measures
The existing measures for mitigating and controlling the effects of mud pumping involve
strengthening the subgrade soil using additives (Voottipruex and Roongthanee, 2003;
Wheeler et al., 2017) or using geosynthetic inclusions (Alobaidi and Hoare, 1998; Chawla
and Shahu, 2016a; Hudson et al., 2016; Kermani et al., 2018). These techniques are
predominantly site-specific so the following section discusses the pros and cons of each
technique in detail.
2.6.1 Alobaidi and Hoare (1998)
Alobaidi and Hoare (1998) carried out triaxial pumping tests to assess how geocomposites
mitigate the effects of mud pumping. They also defined the soil contamination value, the
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ratio of the mass of subgrade soil that passed through and over the area of the geotextile
to quantify the efficiency of the geocomposites. The coarser sub-base layer was simulated
with a rigid platen attached to hemispherical steel balls (Alobaidi and Hoare, 1994). After
every test, the amount of fines that passed through the geotextile was measured. It was
noted that as the number of cycles increased the rate at which fines migrated decreased
as the contact stresses at the sub-base particle decreased with the subgrade. Alobaidi and
Hoare (1998) laid out the following selection criteria to govern the properties of the
geocomposites:
1. High vertical compression modulus
2. Low cyclic flexural movement
3. Uniform distribution of concentrated load
4. Act as a separator and restrict the flow of water
Alobaidi and Hoare (1999) noted that saturated subgrade undergoes shear failure due to
the high cyclic stress being generated under the subbase particles. There was a rapid
outflow of water during the unloading cycles due the inclusion of a highly permeable
geotextile, as well as intermixing between the subgrade and the subbase particles due to
plastic soil flow. Other researchers also reported a similar intermixing layer (Trinh et al.
2012; Duong et al. 2014).
2.6.2 Voottipruex and Roongthanee (2003)
A traditional method for stabilising soil is to mix the soil with appropriate amounts of fly
ash and Portland cement so that the soil particles bind with the cementitious material.
Voottipruex and Roongthanee (2003) attempted to rehabilitate a site in Thailand that was
prone to mud pumping by mixing the subgrade with fly ash and Portland cement. They
found the optimum mix of soil and cement by evaluating the unconfined compressive
strength, and also reported a significant reduction of stress in the subgrade soil. They
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concluded that this method resulted in less excess pore water pressure being generated
and a reduced potential for pumping fines. The long term benefits of this proposed
solution are still not clear because the cementitious lumps would form an “interlayer”
(Duong et al., 2014) and exacerbate the mixing of soil instead of providing a permanent
solution.
2.6.3 Aw (2007)
Aw (2007) introduced a cost effective wireless monitoring system to record the data for
acceleration, variations in temperature, settlement, and variations in pore pressure. Field
data from the problematic site in Mansfield, Massachusetts, indicated that the presence
of free water at the subgrade surface played a critical role in the mud pumping
phenomenon. The installation of economical MEM accelerometer chips provided a robust
and reliable measurement of acceleration at the tie and the subgrade surface.
2.6.4 Usman et al. (2015)
Usman et al. (2015) proposed using a fault chart that would consider the typical modes
of subgrade failure and provide a systematic approach for track maintenance; it would not
however, predict the occurrence of mud pumping beforehand. When fines are pumped
they foul the ballast, which then reduces the effective drainage and softens the subgrade
layer. Fortunately, the inclusion of geosynthetics into a track substructure will inhibit the
migration of fines and increase track longevity.
2.6.5 Chawla and Shahu (2016a)
Geotextiles have been used extensively for reinforcement, filtration, drainage and
separation purposes, which is why Chawla and Shahu (2016a) investigated the addition
of a geotextile layer at the interface between the sub-ballast and subgrade to determine
how well it could alleviate the problem of mud pumping in railway tracks. On the basis
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of a series of model tests they concluded that a certain type of the geotextile could be used
for a specific type of soil. For example, Chawla and Shahu (2016a) recommend geogrid
for clay-type subgrade soils because they reduce the tie displacement and strains in
ballast, sub-ballast, and subgrade displacement better than geotextile. They also found
that the inclusion of geotextile and geogrid has the combined advantage of separation and
reinforcement. Moreover, silty soils are more prone to pumping because of their low
plasticity.
2.6.6 Hudson et al. (2016)
Hudson et al. (2016) presented a case study on the field remediation of a track site that
exhibited severe signs of mud pumping. The water logged area was reinforced with a
microporous filter sandwiched between two geotextiles to stop the subballast slurry from
entering the ballast layer. The Digital Image Correlation (DIC) technique and geophones
were used to monitor track performance. The significant reductions in sleeper deflections
recorded after five months of track monitoring indicated how much the geotextile
inclusions had strengthened this challenging track site.
2.6.7 Wheeler et al. (2017)
A rail foundation laid over a subgrade with low stiffness (e.g., Peat) often leads to
excessive deformation that results in track deterioration and increased risk of derailment
due to cyclic excess pore pressures (Wheeler et al., 2017). As can be seen from Fig. 2-15,
with the passage of train the ejection of subgrade slurry close to the rail tracks, also known
as peat boils, can be observed.
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Fig. 2-15: Squeezing of fine subgrade slurry with the passage of train (Wheeler et al., 2017 3)

A mass stabilisation technique was used to increase the track modulus of the peat
subgrade. The track modulus was calculated during the passage of trains by measuring
track displacement using Digital Image Correlation (DIC). After being rehabilitated, the
track was monitored at two different locations, the results indicated a successful
increment in the track modulus (Fig. 2-16).

3

With permission from the Canadian Geotechnical Journal.
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Fig. 2-16: Efficiency of mass stabilisation technique in increasing the track modulus (after
Wheeler et al. 2017)

2.6.8 Kermani et al. (2018)
Kermani et al. (2018) carried out model tests on a scaled structural section to simulate a
typical flexible pavement. The scaled model consisted of a subgrade layer, a subbase
layer, and an asphalt layer at the top. To restrict the migration of fines from the subgrade
layer to the subbase layer, a non-woven needle-punched polypropylene fibre geotextile
was placed between the subgrade and the subbase layer to act as a filter and a separation
layer. The cross sectional details of the model can be seen in Fig. 2-17. The quantitative
migration of fines was measured after every 100000 cycles. It was noted that after about
432000 cycles, the test without geotextiles indicated that the percentage of fines that
migrated had decreased from 6.39% and the test with geotextiles had decreased to 1.81%.
Moreover, the geotextile layer also facilitated a 30% reduction in the amount of pavement
rutting.
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Fig. 2-17: Scaled model to study the fines migration in a flexible pavement (after Kermani et al.
2018)

2.7 Summary
Mud pumping is a common occurrence in rail tracks with saturated soft subgrade. The
observations noted in existing literature can be used to classify the triggers that cause mud
pumping, so the probable factors that govern mud pumping are:

•

The generation of high cyclic excess pore pressure.

•

The dynamic fluidisation of low-plastic fines under high hydraulic gradient.

•

Inter-mixing between the subgrade and the ballast to form an ‘interlayer’.

•

Impeded drainage in the track substructure

The measures used to mitigate the effects of mud pumping range from improving the
strength of the soil (using geosynthetics and soil mixing, etc.) to reducing the impact of
mud pumping (for example, separation layers). The lessons learnt from these mitigation
measures are summarised succinctly in Table 2-3; the table shows that the cyclic
behaviour of subgrade prone to mud pumping has not been investigated in detail. This
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means the undrained cyclic response of soft soils must first be understood and then a
testing methodology is needed to study the cyclic behaviour. The next chapter contains a
critical appraisal of the literature that highlights the findings of the cyclic behaviour of
soft soils, as found in the field.
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Table 2-3: Summary of the mitigation methods adopted to prevent mud pumping

Reference

Mitigation technique

Type

Lessons learnt

Inclusion

-

Soil contamination Value
Selection criteria
High excess pore pressures

Fly ash and Portland
Cement

Soil mixing

-

Optimum soil-cement mix
Long-term benefit?

Aw (2007)

Wireless platform

Monitoring

-

Perched water
MEM accelerometer chips

Usman et al. (2015)

Fault chart approach

Cause and effect

-

Track maintenance plan
Effective drainage?

-

Geogrids are beneficial for clay-type soils
Geosynthetics induce lesser tie displacements, ballast
strains

Alobaidi and Hoare
(1998)

Geocomposites

Voottipruex and
Roongthanee (2003)

Chawla and Shahu
(2016a)

Geogrids

Inclusion

Hudson et al. (2016)

Geotextile layer

Inclusion

-

Mircoporous filter
Sleeper deflections using geophones

Wheeler et al. (2017)

Mass stabilisation

Soil mixing

-

Increased track modulus
Digital Image Correlation (DIC)

Kermani et al. (2018)

Polypropylene
geotextile

Inclusion

-

Reduced fines migration
Reduced rutting of pavement

Chapter 3 REVIEW OF LITERATURE ON THE

CYCLIC RESPONSE OF SOFT SOILS
3.1 Introduction
This chapter highlights the key findings from existing literature that primarily focus on
the cyclic behaviour of soft soils. Understanding how soft subgrade responds to cyclic
loading is a valuable resource for practicing engineers. Soils are elasto-plastic in nature,
so when a soil sample is subjected to repetitive loading, there is an accumulation of
plastic/non-reversible strains. Moreover, when the rate of loading is very fast (for
example, during earthquakes or under high-speed rail loading) the subgrade soil does not
have enough time to dissipate the pore pressure, so the soil remains in an undrained
condition that causes the build-up of excess pore pressure. Therefore, it is imperative to
understand the various factors that directly or indirectly affect the cyclic response of
subgrade soil. These factors can be broadly classified into two major categories viz., (a)
soil properties (for example, particle gradation, soil plasticity, initial density etc.) and, (b)
loading characteristics (i.e., applied cyclic stress, loading frequency etc.).

3.2 Cyclic behaviour of soft subgrade
The response of cohesive soils under cyclic loading is a widely documented topic in the
field of geotechnical engineering. Cohesive soils generally accumulate plastic
deformation and cyclic excess pore pressure when subjected to repetitive loading. There
are various experimental techniques that will simulate the cyclic behaviour of soils viz.,
cyclic triaxial, cyclic direct simple shear, hollow cylinder apparatus, bender element tests,
resonant column etc., to name but a few. Cyclic triaxial testing corresponds to the largestrain domain where features such as the generation of excess pore water pressure and
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stiffness degradation can be studied. The hollow cylinder apparatus is better able to
represent the principal stress rotation that occurs when soil is subjected to a moving load.
The resonant column and bender element tests are mainly used in the small-strain domain
to study the shear modulus.
The cyclic response of soil can be studied by applying a cyclic stress or cyclic strain
amplitude about a fixed datum. Stress based testing is preferred while representing the
dynamic events defined in terms of forces (e.g. wave and wind loading), whereas strain
based testing is better when both the average or cyclic shear stress cannot be controlled
(e.g. earthquake loading). When carrying out stress/strain controlled cyclic triaxial testing
of soft soils, the deformation is a result of the gradual development of positive excess
pore pressure which causes the effective stress path to shift towards the failure line or to
equilibrium without the failure that causes densification (Sangrey and France, 1980). For
equilibrium to occur under cyclic loading, the amplitude of the applied stress/strain
should be small enough to cause insignificant degradation in strength and stiffness.
The following section presents the findings of documented literature for the cyclic
behaviour of soft subgrade soils. This review is presented in a chronological order to
facilitate an easier understanding and highlight the development in this area of research.
3.2.1 Sangrey et al. (1969)
Sangrey et al. (1969) carried out a series of triaxial tests on fully saturated clayey soils
and reported the existence of a critical level of repeated stress, below which a state of
non-failure equilibrium had been reached. The final soil behaviour was deemed to be
elastic and closed stress-strain hysteresis loops were observed. For cyclic failure to occur,
the stress level should be beyond the critical stress level wherein the effective stress
failure envelope is reached. Thereafter, every loading cycle leads to further non41
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recoverable deformation which ultimately leads to failure, as shown in Fig. 3-1. If the
cyclic stress ratio is defined as the ratio of the applied cyclic deviatoric stress to the failure
stress under monotonic loading, then Fig. 3-1 shows that the sample had a CSR of 0.872
while the CSR of 0.485 caused a non-failure equilibrium.

(a)

(b)

Fig. 3-1: Stress-Strain curves for repeated loading resulting in (a) effective stress failure (b)
non-failure equilibrium (modified after Sangrey et al. 1969)

3.2.2 Brown et al. (1975)
Brown et al. (1975) carried out undrained cyclic triaxial tests on reconstituted samples of
Keuper Marl silty clay (specific gravity, Gs = 2.74; liquid limit, wLL = 32%; plasticity
index, PI = 14). The soil slurry had a moisture content of twice the liquid limit and was
consolidated one-dimensionally at a pressure of 150 kN/m2. The effect of the over
consolidation ratio was also investigated (OCR = 1, 2, 4, 10, and 20). Sinusoidal
waveforms were used to apply cyclic stresses at a loading frequency of 10 Hz. The excess
pore pressure generated during this repeated loading was measured at the bottom of the
specimen. The threshold level of cyclic stress was not observed in the series of tests
carried out, whereas the permanent strains continued to accumulate even after 106 loading
cycles (Fig. 3-2 (a)). However, it was also reported that failure could occur at lower stress
levels than in the static loading test. The mean excess pore pressure also stabilised after
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about 104 cycles at OCR = 2, this was in conjunction with the reduced rate of strain in the
latter stages of the test (Fig. 3-2 (b)). Furthermore, the resilient modulus decreased with
the number of cycles, but this effect was less pronounced as the overconsolidation ratio
increased.

(a)

(b)

Fig. 3-2: (a) Permanent strain during cyclic loading for OCR = 2 (b) Variation of normalised
excess pore pressure at different cyclic loading (after Brown et al. 1975 §)

§

With permission from the journal
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3.2.3 Andersen et al. (1980)
Andersen et al. (1980) carried out a series of cyclic triaxial and cyclic simple shear tests
on undisturbed samples of Drammen clay (moisture content, wc = 52%; specific gravity,
Gs = 2.76; liquid limit, wLL = 55%; plasticity index, PI = 27). The specimens were
subjected to an initial anisotropic preconsolidation pressure of 400 kPa (k0 = 0.5) and
were allowed to swell at varying overconsolidation ratios (OCR = 1, 4, 10, 25 and 50).
The cyclic triaxial tests were carried out under undrained conditions at 0.1 Hz loading
frequency with one-way (entirely compression loading) and two-way (compression and
extension) stress controlled loading.
The key results from this test series indicated that at the same cyclic deviatoric stress, the
over consolidated specimens failed at a lower number of cycles, unlike the normally
consolidated specimens. Furthermore, the higher the applied cyclic stress, the greater the
reduction in the shear modulus, whereas at lower levels of cyclic stresses, degradation in
the soil stiffness was independent of the number of cycles. The typical stress-strain
behaviour under one-way cyclic loading is shown in Fig. 3-3(a). Also, the cyclic excess
pore pressures generated in the cyclic triaxial tests were mainly due to changes in the
octahedral normal stress. However, at large strains the changes in the cyclic pore
pressures may be due to the effect of dilatancy. Additionally, a normally consolidated soil
becomes more resilient to further undrained cyclic loading when drainage is permitted
after the initial cyclic loading. A near linear relationship was observed for the excess pore
pressure generated due to the number of cycles (Fig. 3-3b).
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Fig. 3-3: (a) Stress loops in one-way cyclic loading (b) Variation of axial strains and excess
pore pressure at CSR = 0.7 (after Andersen et al. 1980)

3.2.4 Hyde and Ward (1986)
Hyde and Ward (1986) carried out undrained cyclic triaxial tests to evaluate the postcyclic shear strength of Keuper Marl silty clay (specific gravity, Gs = 2.80; liquid limit,
wLL = 36%; plasticity index, PI = 17). The soil samples were consolidated one
dimensionally in the laboratory and the overconsolidation ratios were varied (OCR = 1,
4, 10 and 20). The loading frequency was kept constant at 0.1 Hz and sinusoidal
waveforms were used to apply the cyclic stress. An equivalent pressure pe, which is the
pressure on the isotropic virgin compression line at the specific volume of the sample,
was used to normalise the applied cyclic stress (q/pe = 0.13 to 0.42). The post-cyclic shear
strength was measured under undrained conditions during the cyclic and monotonic tests.
Fig. 3-4 shows there was a reduction in the strength of normally consolidated soils post
cyclic loading. Highly overconsolidated specimens do not accumulate larger excess pore
pressures under cyclic loading, so the post-cyclic monotonic strength of the highly
overconsolidated samples do not show any significant change. The migration of the
effective stress path that occurs in normally consolidated clay is due to the generation of
cyclic excess pore pressure.
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Fig. 3-4: Stress paths for normally consolidated clay (a) Static loading (b) post-cyclic loading
(after Hyde and Ward, 1986)

3.2.5 Ansal and Erken (1989)
Ansal and Erken (1989) performed cyclic simple shear tests to measure the pore pressure
and the axial and lateral deformation of remoulded clay samples (specific gravity, Gs =
2.65; liquid limit, wLL = 65%; plasticity index, PI = 40). The authors proposed a threshold
level of cyclic shear stress, beyond which there is a rapid accumulation of excess pore
pressure (Fig. 3-5). The effect of the loading frequency decreases as the number of
loading cycles increase and the shear stress amplitude decrease. The effect of frequency
is prominent when evaluating the cyclic behaviour at a lower number of cycles, as for
example during earthquakes. There was a linear relationship between the number of
cycles and cyclic yield stress ratio on a semi-logarithmic plot, and moreover, the relative
influence of the loading frequency increases with the magnitude of cyclic shear amplitude
for a small number of cycles.
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Fig. 3-5: Cyclic stress ratio vs Excess pore pressure relationship for different number of cycles
(after Ansal and Erken, 1989)

3.2.6 Yasuhara et al. (1992)
Yasuhara et al. (1992) addressed cyclic failure as an effective stress state when the soil
specimen meets the projection of the critical state line (CSL) on the p’-q space. This can
be seen in Fig. 3-6 where the effective stress path for soil under one-way and two-way
cyclic loading migrates towards the CSL. The authors carried out cyclic triaxial tests on
highly plastic marine Ariake clay (specific gravity, Gs = 2.58 - 2.65; liquid limit, wLL =
115 - 123%; plasticity index, PI = 72-69). The loading frequency was applied at 0.1 Hz,
1.0 Hz and 3.0 Hz under one-way and two-way stress controlled loading. The specimens
were allowed to drain freely after the cyclic loading stage and then conventional
monotonic undrained triaxial tests were carried out.
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Fig. 3-6: Schematic representation of stress path for one-way and two way loading (after
Yasuhara et al. 1992)

A two-way cyclic loading accompanied with principal stress reversal causes a faster
cyclic failure, i.e., fewer loading cycles, as opposed to one-way loading. The cyclic stress
ratio for one-way cyclic loading was higher than the two-way loading. Stress reversal had
a prominent effect on the generation of pore pressure and shear strains. Fig. 3-7 shows a
rapid accumulation in the double amplitude of axial strains as the cyclic stress ratio
increased from 0.188 to 0.3; there was also a similar increase in the normalised pore
pressure.
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Fig. 3-7: (a) Axial strain (double amplitude) (b) Normalised pore pressure variation with
increasing cyclic stress ratio (after Yasuhara et al. 1992)

3.2.7 Miller et al. (2000)
Miller et al. (2000) investigated the response of soft compacted Vicksburg or Mississippi
Buckshot clay (liquid limit, wLL = 64%; plasticity index, PI = 38) subjected to cyclic
loading under train traffic. Cyclic triaxial tests were carried out on specimens with natural
water content (under partly drained conditions) and on samples subjected to backpressure
saturation (under undrained conditions). The authors carried out these tests with the
drainage lines open because they thought it would better simulate the partial drainage
situation that occurs in the field. Their study indicated that clays subjected to cyclic
loading have a critical cyclic stress above which the soil will undergo shear failure; this
confirmed the findings from a study carried out by Sangrey et al. (1969) and Ansal and
Erken (1989). The normalised cyclic strength of the tested soil depended on the narrow
range of the initial degree of saturation (Sr) of between 90 % and 100 %. The normalised
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cyclic shear strength of the specimen with a normal water content decreased as the initial
degree of saturation increased.

Fig. 3-8: Relationship between degree of saturation, CSR and undrained failure (after Miller et
al. 2000)

An empirical relationship was proposed to describe the variation of normalised cyclic
strength as a function of the degree of saturation (Fig. 3-8). The tests carried out on
backpressure saturated specimens under undrained conditions revealed that the
normalised cyclic shear strength had dropped between 0.50 and 0.79, whereas the
normalised undrained shear strength from the static test at the same confining pressure
was 0.89. The saturated subgrade zones along the test track of the Low Track Modulus
(LTM) zone revealed that the magnitude of deviatoric stress pulse measured by the
pressure cells often exceeded the cyclic shear strengths. The track deformation and
corresponding degree of saturation matched the proposed relationship between the cyclic
shear strength and degree of saturation quite well.
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3.2.8 Zhou and Gong (2001)
Zhou and Gong (2001) carried out stress-controlled cyclic triaxial tests on undisturbed,
normally consolidated samples of Hangzhou clay (specific gravity, Gs = 2.71; liquid limit,
wLL = 32.1%; plasticity index, PI = 14.43). The following parameters were varied to
investigate the response of the soil, viz. the loading frequency (0.01, 0.05, 0.1, 0.5 Hz),
the overconsolidation ratio (OCR = 1.2, 1.4, 2, 4, 8), and the confining pressure and cyclic
stress ratio (CSR). As the cyclic stress ratio increased the strains and pore pressure
gradually increased with the number of cycles until a certain critical cyclic stress ratio
was applied. When the CSR was higher than the critical cyclic stress ratio (CSRc), the
variations of excess pore pressure and axial strain were different when the CSR < CSRc
(Fig. 3-9).
(a)
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(b)

Fig. 3-9: Evolution of axial strains and pore pressure ratio with increasing cyclic stress ratio
(after Zhou and Gong (2001))

3.2.9 Hyde et al. (2006)
Hyde et al. (2006) tested samples of low-plasticity silts (specific gravity, Gs = 2.71; liquid
limit, wLL = 24%; plasticity index, PI = 6) under monotonic and cyclic loading to
characterise liquefaction and cyclic failure. The samples were reconstituted from a slurry
using 1D preconsolidation and sedimentation techniques.
As Fig. 3-10 shows, the cyclic stress paths were placed into three categories: (a) Isotropic
with load reversal, (b) Anisotropic with load reversal, and (c) Anisotropic without load
reversal. When the specimen reached the contractive zone (in case (c)), the rate of
reduction of the mean effective stress p’ accelerated after intersecting the monotonic
compression stress path. As the stress path reached the phase transformation line (PTL),
there was a large accumulation of axial plastic strains in conjunction with a large
reduction in the mean effective stress (Hyde et al., 2006).
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Fig. 3-10: Schematic diagram indicating the contractive and dilative behaviour during
monotonic and cyclic loading under undrained conditions (after Hyde et al. (2006))

3.2.10 Indraratna et al. (2009)
Indraratna et al. (2009) examined the effectiveness of radial drainage induced by the
inclusion of prefabricated vertical drains (PVDs) in a specimen of reconstituted soft clay
(kaolin clay: specific gravity, Gs = 2.7; liquid limit, wLL = 55%; plasticity index, PI = 28).
The tests were carried out on a large-scale cyclic triaxial testing rig at the University of
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Wollongong, Australia. To simulate the unit cell, the drains were scaled down by a factor
of three and the reinforcing effect of the drain was omitted. Drained cyclic behaviour was
carried out at 5.0 Hz loading frequency. As the cyclic loads were applied, the vertical
drains substantially reduced the build- up of pore pressure in the specimen. Having rest
periods also helped reduce the pore pressure even more (Fig. 3-11). When the shear strain
in the specimens exceeded 1.5-2.0 %, the pore pressures tended to rise significantly
(Indraratna et al., 2009). Another case study was also carried out to study the efficiency
of short vertical drains under railway embankments (Indraratna et al., 2010). The results
of the field study indicated that PVDs not only helped to dissipate excess pore pressure,
they also helped to curtail lateral displacement. Moreover, an equivalent plane strain
finite element (FE) analysis was good enough to predict the behaviour of track with PVD
inclusions provided accurate soil parameters are obtained from the laboratory and field
tests (Indraratna et al., 2010).

Fig. 3-11: Excess pore pressure dissipation during rest periods with inclusion of PVD (after
Indraratna et al. 2009)
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3.2.11 Jiang et al. (2010)
Jiang et al. (2010) investigated the effect of the loading frequency on the cyclic response
of marine clay. This study was based on a series of one-way stress-controlled cyclic
triaxial tests carried out on normally consolidated Tainjin soft marine clay (specific
gravity, Gs = 2.75; liquid limit, wLL = 52.5%; plasticity index, PI = 26.5). The accumulated
axial strain was predicted using the hyperbolic model, and the axial strains increased as
the loading frequency decreased. The normalised excess pore pressure and plastic strains
was fitted using the Hill growth curve.
3.2.12 Liu and Xiao (2010)
Liu and Xiao (2010) studied the dynamic stability of a silt subgrade (average specific
gravity, Gs = 2.641; liquid limit, wLL = 29.2%; plasticity index, PI = 8.24, Optimum
moisture content, OMC = 11.96%, Maximum dry density, MDD = 1.87 g/cc). The salient
findings from the cyclic triaxial tests indicated that with an increase in the train speed, the
silt subgrade was stable when nearing its OMC and had approximately 90% of relative
compaction. Furthermore, increasing the water content of the silt subgrade led to a
significant reduction in the resilient modulus and threshold stress, but the axial strains
increased (Fig. 3-12).
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Fig. 3-12: Variation in the (a) stress-strain curve (b) cyclic axial strains at different water
contents (after Liu and Xiao (2010))

3.2.13 Cai et al. (2013)
Cai et al. (2013) modified conventional triaxial testing where the confining pressure is
kept constant, to vary the confining pressure acting on the test specimen. The variable
confining pressure (VCP) aimed to simulate the variation of stresses induced due to a
moving wheel load. The tests were carried out on Wenzhou clay (specific gravity, Gs =
2.72; water content, wc = 63.2-65.5%; liquid limit, wLL = 69%; plasticity index, PI = 36).
Under undrained conditions the generation of excess pore pressure depends mainly on the
adopted stress paths, whereas the permanent axial strains in the VCP tests were lower
than in the constant confining pressure (CCP) tests (as shown in Fig. 3-13). However,
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under partly drained conditions, the accumulation of permanent volumetric strains was
significant in the case of VCP tests. The conventional CCP tests underestimated the
settlement predicted in the subsoils under traffic loading (Cai et al., 2013).

Fig. 3-13: Development of permanent axial strains in undrained conditions (ηampl = 1.3
represents CCP tests and ηampl = 1.0 represents the VCP tests (after Cai et al. 2013)

3.2.14 Guo et al. (2013)
Guo et al. (2013) investigated the long term cyclic response of samples of undisturbed
Wenzhou clay (specific gravity, Gs = 2.75; water content, wc = 56-59%; liquid limit, wLL
= 64%; plasticity index, PI = 36; initial void ratio, e0 = 1.55-1.59; initial density, ρ0 =
1.68-1.71g/cc). Because the clay specimens had degraded, the shape of the stress-strain
loops and the resilient modulus decreased with an increasing number of cycles. For the
given soft clay, the authors proposed a threshold CSR value of 0.65. While the CSR <
0.65, the permanent strain in the specimen could be less than 2% even after 50000 cycles
(Guo et al., 2013). These findings indicate how the permanent strains and resilient
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modulus depend on the number of cycles, the CSR, and the effective confining pressure.
3.2.15 Ni et al. (2013)
Ni et al. (2013) formulated a new theoretical framework to predict the excess pore
pressures due to the combined effect of undrained excess pore pressure and dissipation
caused by partial drainage under cyclic loading. This model is an extension of the cyclic
model put forth by Carter et al. (1980). The stress-path variation under partially drained
conditions can be seen in Fig. 3-14. The underlying concept of the model proposed by Ni
et al. (2013) stems from the assumption that the size of the yield surface decreases with
every loading cycle. The parameter governing the size of the yield curve is a function of
two key parameters ξ1 and ξ2 which are dependent on the soil property. The parameter ξ1
is independent of the cyclic stress ratio and the loading frequency, whereas parameter ξ2
increases as the loading frequency increases. At a high cyclic stress ratio, the radial
drainage decelerates the rate of excess pore pressure build-up, thereby delaying the onset
of failure.

Fig. 3-14: Stress paths under cyclic loading for partly drained conditions (after Ni et al. 2013)
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3.2.16 Paul et al. (2015)
Paul et al. (2015) proposed a generalised hyperbolic relationship to predict the undrained
pore pressure induced under cyclic loading as a function of the number of cycles. This
model can predict the undrained pore pressures for a wide range of soils from highlyplastic silts to clays (plasticity index ranging from 22 to 69) at various levels of effective
confining pressures (100 kPa to 300 kPa). The statistical validation between the predicted
pore pressure ratios to the published data shows a correlation coefficient between 8588%.
3.2.17 Martínez et al. (2017)
Martínez et al. (2017) carried out a series of cyclic simple shear tests on samples of subsoil
taken from the Port of Barcelona (specific gravity, Gs = 2.71-2.80; natural water content,
wc = 15-44%; liquid limit, wLL = 24-45%; plasticity index, PI = 6-24; initial density, ρ0 =
1.81-2.17 g/cc). The authors noted that the failure of a soft cohesive soil need not
correspond to the situation of zero effective stress whereas the strains grow
uncontrollably. The study primarily focused on cyclic action with high periods (~ 1000
cycles) and did not consider the effect of frequency. Sudden failure is characterised with
a radical loss of strength and consequent large deformation. For a given value of initial
stress ratio τ0 ⁄σ'ov , the variation of the normalised shear modulus, G⁄σ'ov , normalised

effective stress, σ'v ⁄σ'ov , and cyclic shear stress τc , can be used to evaluate the risk of a
sudden failure in soft soils (Fig. 3-15).
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Fig. 3-15: Graphical method to evaluate the risk of sudden failure in cohesive soils (after
Martínez et al. 2017)

3.2.18 Cai et al. (2018)
Cai et al. (2018) carried out a series of hollow cylinder tests on undisturbed specimens of
Wenzhou clay (specific gravity, Gs = 2.66-2.68; natural water content, wc = 63.7-64.6%;
liquid limit, wLL = 66%; plasticity index, PI = 42; initial void ratio, e0 = 1.64-1.71; initial
density, ρ0 = 1.63-1.65 g/cc). There is a threshold value of CSR below which the response
of clay is stiff and elastic and the principal stress rotation angle has almost no effect on
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the cyclic response of soil. At higher values of CSR the specimen undergoes significant
stiffness degradation and the hysteresis of the stress-strain relationship becomes more
prominent. Furthermore, increasing the principal stress rotation causes higher strains and
lower dynamic moduli. The degradation index can be used to categorise the dynamic
behaviour of soil into three zones, viz. purely elastic, a shakedown state, and ratcheting
(Fig. 3-16).

Fig. 3-16: Relationship between permanent strains and degradation index (after Cai et al.
2018)

3.3 Factors governing the cyclic response of soft soils
This part of the chapter focusses on analysing the key findings listed in the above section.
While some researchers (Lee and Focht, 1976; Nieto Leal and Kaliakin, 2016) have
reviewed the cyclic behaviour of cohesive soils, this section summarises the various
factors that govern the response of soft soils subjected to cyclic loading.
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3.3.1 Critical cyclic stress ratio (CSRc)
From their experiments on the cyclic response of cohesive soils, Larew and Leonards
(1962) observed the limiting values of cyclic stress for compacted specimens. When the
specimens were subjected to stress levels below this limiting value of cyclic stress, the
soil was elastic and the specimens did not experience any degradation in stiffness, but
when the cyclic stress exceeded the limiting value, the specimens exhibited plastic
response leading to failure (Larew and Leonards, 1962).
Similar findings were reported by Sangrey et al. (1969), where the critical stress level for
an isotropically normally consolidated clay was about two thirds of the maximum
undrained shear strength obtained from the static triaxial test. Moreover, the critical cyclic
stress ratio will be higher at a higher overconsolidation ratio (OCR). Several researchers
(Wilson and Elgohary, 1974; Idriss et al., 1978; Andersen et al., 1980; Ansal and Erken,
1989; Yılmaz et al., 2004; Hanna and Javed, 2008; Ni et al., 2015) have observed the
threshold values of the cyclic stress ratio for various soft soils; this result was noted for
the undisturbed and remoulded specimens (Ansal and Erken, 1989; Martínez et al., 2017).
The accumulation of plastic strain and excess pore pressure is an indicator to predict the
critical cyclic stress ratio (CSRc). Zergoun and Vaid (1994) observed the rapid increment
of residual axial strains at higher levels of cyclic stress which eventually led to the
specimens failing. Thian and Lee (2017) also observed similar trends in the development
of shear strains and excess pore pressure at different cyclic stress ratios (Fig. 3-17). At
lower levels of CSR, there was very little change in the stress-strain loops, resulting in a
small hysteresis (Fig. 3-18), whereas at higher levels of CSR, the stress-strain loops
increased in size resulting in larger stiffness degradation and more prominent hysteresis
loops (Zergoun and Vaid, 1994).
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Fig. 3-17: Development of shear strains and excess pore pressures at different CSRs (after
Thian and Lee 2017)

Fig. 3-18: Stress-strain loops for one-way stress controlled tests at CSR = 0.65 (after Thian and
Lee 2017)

3.3.2 Loading frequency (f)
The effect of the loading frequency on the response of soft soils appears to decrease as
the number of cycles increase, but for a given number of loading cycles the specimens
generally develop larger axial strains and excess pore pressure at lower frequencies
(Procter and Khaffaf, 1984; Lefebvre and LeBoeuf, 1987; Ansal and Erken, 1989; Konrad
and Wagg, 1993; Zhou and Gong, 2001; Mortezaie and Vucetic, 2013; Wichtmann et al.,
2013; Ni et al., 2015).
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Table 3-1: Summary of the literature studying the effect of loading frequency on the cyclic
response of soft soils

Reference

Soil

Type of
Testing

Frequency
range (Hz)

Brown et al.
(1975)

Keuper
Marl

Loadcontrolled

10

Yasuhara et
al. (1982)

Ariake
Clay

Stresscontrolled

0.1 – 1.0

Konrad and
Wagg (1993)

Clayey
Silt

Loadcontrolled

0.05 - 0.5

Zhou and
Gong (2001)

Hangzhou
StressClay
controlled

0.01 – 1.0

Liu and Xiao
(2010)

Shandong
Stresssilt
controlled

1.0 – 2.0

Mortezaie and
Vucetic
(2013)

Kaolinite
clay

Straincontrolled

0.001 – 0.1

Ni et al.
(2015)

Kaolinite
clay

Stresscontrolled

0.1 – 5.0

Lei et al.
(2016)

Tianjin
Binhai
Clay

Stresscontrolled

1.0 – 10.0

Yang et al.
(2019)

Shanghai
soft clay

Hollowcylinder

0.1 – 2.0
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Key findings
• No clear indication of the
threshold CSR.
• As OCR increased,
resilient modulus decreased.
• Cyclic strength is less
affected by loading
frequency.
• Lower frequency results in
higher magnitude of
dynamic pore pressure.
• For a given stress ratio,
logarithm of average cyclic
strain rate increases with
the CSR.
• Higher frequency causes
lower strain degradation of
the clay specimen.
• Higher train speed results
in the increase of loading
frequency and the dynamic
stress on the subgrade.
• The significant reduction
of cyclic degradation and
cyclic EPP with the
confining pressure and
frequency is
counterintuitive.
• The cyclic degradation
parameter ξ1 is independent
of frequency while ξ2
increases with the
frequency.
• Dynamic deformation is
minimised at same CSR at
an inflection frequency of
3.0 Hz.
• No obvious effect of
frequency on the pore
pressure response of the
ultrasoft clay.
• The effect of frequency is
more pronounced in the
initial few loading cycles.
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Ansal and Erken (1989) noted that frequency decreases with the number of cycles for
normally consolidated clays. Zhou and Gong (2001) investigated the influence of loading
on normally consolidated and overconsolidated samples. The effect of strain degradation
was more prominent at lower frequencies than at higher frequencies, which was similar
to the results obtained by Matsui et al. (1980). Table 3-1 summarises the range of
frequencies used by past researchers. At a higher frequency (i.e., 10.0 Hz), Brown et al.
(1975) did not observe a limiting value of the CSR, but at lower frequencies, in addition
to the larger strain and excess pore pressure, few researchers (Zhou and Gong, 2001;
Mortezaie and Vucetic, 2013) have observed a larger degradation of strain in the
specimens.
Dash and Sitharam (2016) reported a decrease in the shear modulus and an increase in
the damping ratio as the loading frequency of saturated sand increased, but this frequency
had no significant effect on the shear modulus at a particular level of shear strain. Given
the huge amount of information on the effect that frequency has on a wide range of soils,
predicting the cyclic response of soil at different frequencies is still difficult. Hence,
laboratory testing is recommended to investigate the effect of the loading frequency for a
given soil.
3.3.3 Soil plasticity
Soil plasticity generally plays a crucial role in governing the cyclic response of cohesive
soils (Vucetic and Dobry, 1991; Hyodo et al., 1999; Okur and Ansal, 2007; Wichtmann
et al., 2013). Vucetic and Dobry (1991) reviewed the effect that the plasticity index (PI)
has on the degradation of shear modulus under cyclic loading and found that as the PI
increases, the degradation index increases and the damping decreases. Okur and Ansal
(2007) observed that the soil plasticity in conjunction with the effective confining
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pressure influences the dynamic shear modulus and damping ratio of fine-grained soils.
Hyodo et al. (1999) reported that the application of initial static stress on specimens with
low plasticity resulted in a marginal increase in the cyclic strength, but for highly plastic
soils the cyclic shear strength decreased significantly as the initial static shear stress
increased.
3.3.4 Drainage conditions
It is well established that the provision of partial drainage under cyclic loading will
alleviate the build-up or pore pressure (Miller et al., 2000; Sakai et al., 2003; Yıldırım
and Erşan, 2007; Ni et al., 2013). However, under partial drainage the specimen
experienced volumetric strain during cyclic loading. With the normally consolidated
specimens, the dissipation of cyclic EPP reduced the water content and the void ratio
(Hyodo et al., 1992), whereas the over consolidated specimens tended to absorb water
due to the build-up of negative pore pressures. Ni (2012) showed that the inclusion of
drainage in the form of prefabricated vertical drains will help to dissipate the cyclic pore
pressure during rest periods (Fig. 3-19). Furthermore, the specimens tested under partly
drained conditions required larger cyclic stress ratios to reach failure.

66

Chapter 3 Review on the cyclic behaviour of soft soils

Fig. 3-19: Provision of rest periods to allow the dissipation of cyclic EPP (after Ni, 2012)

3.3.5 Stiffness degradation
Soft subgrade soils subjected to cyclic loading experience a reduction in stiffness with
the number of cycles (Thiers et al., 1968; Idriss et al., 1978; Andersen et al., 1980; Vucetic
and Dobry, 1988; Zhou and Gong, 2001; Lee et al., 2007; Cai et al., 2018), but this result
depends mainly on the level of cyclic stress/strain applied onto the specimens. The
stiffness largely decreases in the first few cycles, while the samples experiencing large
strains undergo substantial degradation.
Note that the specimens subjected to a lower frequency exhibited lower cyclic strength
and prominent degradation as opposed to higher frequencies (Zhou and Gong, 2001).
More detailed discussions can be found in Chapter 5 of this thesis; it specifically captures
the role of stiffness degradation under cyclic loading and the use of a novel stiffness
degradation index to correlate it with the prediction of mud pumping.
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3.4 Summary
This chapter has provided a better understanding of the cyclic response of soft soils and
the various parameters that influence its behaviour. The salient features of the cyclic
behaviour of soft soils are summarised below:
•

A railway track substructure consists of three main geotechnical components, viz.,
the ballast layer, the sub-ballast layer, and the subgrade layer. The ballast is the
primary load-bearing layer, the sub-ballast is a processed sand-gravel layer that
acts as a filter, and the subgrade is the formation layer.

•

Coastal deposits are often flooded so the presence of excess water, often closer to
the liquid limit, coupled with the low shear strength of the subgrade poses several
challenges for geotechnical engineers. The common modes of subgrade failures
include: shear failure, excessive settlement, and the migration of fines, etc.

•

In most cases there is a critical cyclic stress ratio for a given soil, which if
exceeded causes the soil to experience rapid strain and accumulation of pore
pressure. The stress-strain behaviour of specimens subjected to a larger cyclic
stress ratio resulted in a significant degradation in stiffness.

•

While it is generally agreed that a lower loading frequency would generate larger
axial strains and pore water pressure, the effect of loading frequency is not fully
understood in terms of the cyclic response of soft subgrade soils.

•

An alteration of soil plasticity changes the failure mode from sand-type failure to
a clay-type failure, depending on the plasticity of the soil. The damping ratio of
fine-grained soils is influenced by soil plasticity and the effective confining
pressure.
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•

Under undrained conditions the generation of pore pressure reduced the effective
stress on the specimens. The provision of drainage under cyclic loading will
prevent early failure because it allows the cyclic excess pore pressure to dissipate.

•

With a continuous application of loads, the soft soil specimen experienced a
reduction in its stiffness. This was influenced by the loading characteristics (i.e.,
applied CSR, loading frequency, effective confining pressure, etc.) and the soil
properties (for example, soil plasticity, initial void ratio, etc.).
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Chapter 4 UNDRAINED CYCLIC RESPONSE OF
SUBGRADE PRONE TO MUD PUMPING
4.1 Introduction
This chapter describes the undrained cyclic triaxial testing carried out on soil samples
obtained from a track site which has which has been frequently affected by mud pumping
near the city of Wollongong, NSW. The cyclic stress ratio (CSR), the loading frequency
(f), and the initial dry density (ρd) are identified as the crucial parameters which affect the
cyclic response of the soils. The generation of cyclic axial strain (εac) and the
corresponding mean excess pore pressure (EPP) were investigated with the applied
number of cycles (N). A critical cyclic stress ratio (CSRc) was determined based on the
results of the cyclic triaxial tests which could distinguish the fluidised specimens to the
stable ones. The results indicate that rate of cyclic axial strain indicates a sharp rise when
subjected to a CSR ≥ CSRc. Further, dense specimens fluidised at a higher CSRc when
compared to the lower density specimens.
4.1.1 Subgrade soil characterisation
The track site near the city of Wollongong which has shown repeated signs of mud
pumping was selected with the help of the maintenance records provided by Sydney
Trains. At the time of sampling, remediation work was being carried out by clearing the
rails, sleepers, ballast and the capping layer (Fig. 4-1). The common practice adopted for
the detection of mud pumping is after the subgrade slurry has migrated to the top of the
ballast, as seen in the inset of Fig. 4-1. The tiny soil slurry volcano formations were
typically observed on the sides of the track, which acted as a visual indication for the
problem of mud pumping. The subgrade was excavated directly from the beneath the
ballast layer, wax sealed and transported carefully to the University of Wollongong.
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Fig. 4-1: Remediation work at a track site near the city of Wollongong, NSW.
Inset: Mini-soil volcano near the tracks

4.1.2 Basic geotechnical properties
Laboratory tests were conducted to characterise the soil properties such as the specific
gravity, particle size gradation, Atterberg limits and the maximum dry density. The test
results are described as follows:
•

The specific gravity was found using the pycnometer bottle (ASTM D854 – 14,
2014). The results are summarised in Table 4-1. The average specific gravity of
the subgrade soil was found to be 2.63.
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Table 4-1: Data for the determination of specific gravity of the subgrade soil

Test number

SG_1

SG_2

SG_3

Mass of empty pycnometer (g)

41.1

50.4

45.51

Mass of empty pycnometer + dry soil (g)

67.49

70.13

63.57

Mass of pycnometer + dry soil + water (g)

156.63

161.97

155.84

Mass of pycnometer + water (g)

140.23

149.72

144.69

Specific Gravity (GS)

2.641

2.637

2.614

•

The particle size distribution curve is shown in Fig. 4-2. The soil has an overall
fines fraction of about 25% with a large amount of medium to coarse sand. The
values of coefficient of uniformity and the coefficient of curvature are Cu = 71.39
and Cc = 3.02, respectively (ASTM D2487-17, 2017). The soil lies in the range of
subgrade soils reported to have pumped in the past (Singh et al., 2019).

•

The liquid limit of the soil was determined by the Cone Penetrometer test (AS
1289.3.9.1, 2015), wherein the water content corresponding to 20 mm penetration
of the cone is the liquid limit of the soil. It is the water content at which the soil
transitions from a plastic to a liquid state. The soil sample was mixed with varying
water contents, and the penetration of the cone was recorded in Table 4-2. From
Fig. 4-3, it is seen that the liquid limit of the soil is 26.18%. The plastic limit was
determined as the water content at which a thread of soil crumbles when rolled to
3 mm diameter. Table 4-3 shows the water contents at which the soil thread
crumbles, giving an average value of the plastic limit as 14.88%. The Atterberg
limits lie in close vicinity of the soils that are susceptible to mud pump in the
literature (Singh et al., 2019).
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Fig. 4-2: Particle size distribution curve for the subgrade soil
Table 4-2: Data recorded to find the liquid limit of the subgrade soil using a cone penetrometer
test

Trial 1

110

360

110

205

110

280

110

425

111

443

Trial 2

110

306

110

216

110

272

108

423

110

455

Dial Reading

Penetration (mm)

22.3

10.05

16.6

31.5

33.85

Bin No.

8

16

SL11

MLA10

MLB15

Empty Weight (gm)

37.87

22.52

22.58

22.62

30.84

Bin+Wet Soil (gm)

81.04

77.1

72.49

88.34

97.79

Bin+Dry Soil (gm)

71.79

66.95

62.66

73.44

81.51

Water Content (%)

27.27

22.84

24.53

29.32

32.13
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Fig. 4-3: Relationship between water content and the cone penetration for determining the
liquid limit
Table 4-3: Determination of plastic limit for the subgrade soil

•

Bin No.

MLB20

MLA4

MLB13

Empty Weight (gm)

30.98

25.86

32.75

Bin + Wet Soil (gm)

56.69

43.8

53.98

Bin + Dry Soil (gm)

53.42

41.47

51.19

Water Content (%)

14.57

14.93

15.13

Standard Proctor test was carried out to measure the optimum moisture content
(OMC) of the soil and the maximum dry density (MDD) (ASTM D698-07, 2007).
It was found that the OMC is around 15%, and the MDD is at 1813.6 kg/m3 (Fig.
4-4). The in situ moisture content was measured to be around 14.6%. It was taken
during the remediation work after the subgrade had experienced severe mud
pumping in the field.
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Fig. 4-4: Compaction curve for the subgrade soil obtained from the Standard Proctor Test
•

In summary, the basic geotechnical properties of the subgrade soil are listed in
Table 4-4.
Table 4-4: Summary of the basic geotechnical properties of the subgrade soil

**

Characteristics of sub-soil

Values

Liquid limit, LL

26.18%

Plasticity index, PI

11.3%

In situ moisture content **

14.6 %

Specific Gravity, Gs

2.63

Maximum Dry density (kg/m3)

1813.6

It is the water content of the in-situ subgrade after frequent mud pumping
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4.2 Cyclic triaxial testing
The cyclic triaxial tests were carried out on the GDS Entry Level Dynamic (ELDYN)
triaxial testing equipment (Fig. 4-5) at the University of Wollongong. The ELDYN
systems have an electro-mechanical actuator which can carry out a full load (±5 kN)
dynamic testing to the required loading frequency (upto 5 Hz). It can also apply prescribed
cyclic displacement to perform strain-controlled testing. The cell pressure is
pneumatically controlled and by default, sinusoidal waveforms are used to apply the
cyclic loading.

Pore Pressure Transducer

Fig. 4-5: Cyclic Triaxial equipment (GDS-ELDYN) at the UoW laboratory

4.2.1 Specimen Preparation
The conventional method of specimen preparation by moist tamping (Ladd, 1978) was
employed as it could reduce the separation of two different-sized particles. As often, the
compaction of the upper soil layers results in non-uniform densification of the subsequent
soil layers. The concept of ‘undercompaction’ (Un) which indicates how much a
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percentage a layer should be less compacted than the target value, was adopted. In the
current study, a nonlinear average undercompaction criterion proposed by Jiang et al.
(2003), was adopted to generate uniform soil specimens. The oven-dried soil was mixed
with distilled water at a moisture content of 15%, which was close to the moisture content
of the in-situ soil. The soil was then allowed to sit in the humidity room for about 24
hours to achieve homogenised moisture content. The wet soil was separated into ten equal
parts by weight and compacted to different heights as obtained from the non-linear
undercompaction criterion (Fig. 4-6). The specimens prepared using the non-linear
undercompaction criterion resulted in specimens with uniform density. The effect of
initial compacted density of the specimens was investigated in this study. Twelve tests
were carried out on the specimen prepared at an initial dry density of ρd = 1790 kg/m3,
whereas eight tests were carried out on the specimen with a lower density (ρd = 1680
kg/m3), the details of which are presented in the following sections.
4.2.2 Setting up the test specimen
The specimen prepared at a required density and was carefully transferred into the triaxial
cell. The pore pressure transducer (PPT), attached at the base of the testing equipment
(Fig. 4-5), was calibrated prior to every test to ensure accurate measurement of the excess
pore water pressure. The PPT was flushed under a high pressure to remove the fine
particles which may have clogged the transducer. It also facilitated in the removal of air
bubbles, if any, which would hinder the performance of the back pressure controller. After
the necessary checks and the calibration, the specimen was transferred with care, into the
triaxial chamber. A new latex membrane was used for all the tests and the membrane
thickness was noted for each of the membranes. It also reduced the chances of any damage
to the membrane that could lead to unwanted leakage of the cell water into the specimens.
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Fig. 4-6: Non-linear undercompaction criterion for specimen preparation
(all dimensions in mm)

4.2.3 Saturation Phase
After the remoulded specimen was setup on the triaxial pedestal, it was enclosed within
the triaxial cell (Fig. 4-5). The triaxial cell was nearly filled with distilled water, and there
was provision of the valve at the top which is connected to the pneumatic pressure
controller that maintains the cell pressure within the chamber. A small vacuum (≈ 10 kPa)
was applied at the top of the specimen to quicken the saturation process. The application
of a small suction pressure was intended to reduce the saturation period (ASTM D531192, 2004). The specimens were saturated at a rate of 1 kPa/min, to ensure back-saturation
at a gradual pace. A back-pressure of 400 kPa was employed to saturate the specimens.
The cell pressure was kept at 410 kPa, so as to have an effective confining pressure of 10
kPa during the saturation phase. The application of a high back pressure (400 kPa) to
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specimens was done to ensure reduced saturation period and to achieve the desired Bvalue (> 0.95). The volume change in the back-pressure controller was monitored and the
increase in the volume of water going into the test specimen was noted. For example, the
average increase in the volume of water for a specimen compacted at an initial density,

ρd = 1790 kg/m3, is about 18000 mm3 (Fig. 4-7). Similarly, an average volume change
increment for the specimens at ρd = 1680 kg/m3, was measured to be about 24000 mm3.

Fig. 4-7: Average volume change during saturation phase for the specimen at ρd = 1790 kg/m3

Skempton’s B parameter is defined as the ratio of the pore pressure developed within the
specimen due to an increase in the confining pressure of the specimen (Venkatramaiah,
2006). It is employed to ensure the full-saturation of the specimens. The drainage valves
were closed while carrying out the B-check. ASTM D5311-92 (2004) were followed
while saturation and B-check of the test specimens. In general, the specimens satisfied
the B-check ( > 0.95) when subjected to a back-pressure of 400 kPa for over 24 hours.
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4.2.4 Consolidation phase
Once the specimen was fully saturated (i.e., B value > 0.95), the specimens were subjected
to anisotropic consolidation. The stresses occurring in the field are anisotropic in nature
(Wood, 1991; Cai et al., 2018), therefore, a value of k0, which is defined as the ratio of
the horizontal stress to that of the vertical stress, is assumed to be 0.6. This value is in line
with the findings of the stresses under a railway subgrade (Ni, 2012). An effective
′
consolidation pressure, 𝜎𝜎3𝑐𝑐
, was kept constant at 15 kPa, resulting in a vertical axial stress

of 25 kPa (since, k0 = 0.6). A low value of confining pressure as selected to simulate the
shallow depth of the railway subgrade. After the specimens were consolidated at the
desired stress conditions, the outlet valve was closed (to maintain undrained conditions)
and cyclic loading was applied.
4.2.5 Loading scheme
One-way stress-controlled cyclic triaxial testing was adopted in the current research
(ASTM D5311-92 3004), as it better represents the stresses acting on the top of the
subgrade. Fig. 4-8 shows the loading scheme followed in the cyclic triaxial equipment.
The following parameters were varied in this study, viz., the cyclic stress ratio (CSR), the
loading frequency (f) and the initial dry density.
The cyclic stress ratio (CSR) used in this study is defined as the ratio of the applied
′
dynamic stress (𝜎𝜎𝑑𝑑 ) to twice the effective confining pressure (𝜎𝜎3𝑐𝑐
), as follows:

𝐶𝐶𝐶𝐶𝐶𝐶 =

𝜎𝜎𝑑𝑑
′
2𝜎𝜎3𝑐𝑐

(Eq. 1)

With the railway track experiencing varying magnitudes of axle load (e.g., 15-35 tonnes),
the value of CSR is varied from 0.2 to 1.0. The different combinations of CSR was
′
studied, however, the effective confining pressure after consolidation phase, (𝜎𝜎3𝑐𝑐
) was set
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to 15 kPa. This small value of confining pressure roughly simulates the shallow region of
the subgrade (about 0.5-1.0 m depth) and is in line with studies reported in the literature
(Liu and Xiao, 2010; Trinh et al., 2012). The loading frequency was varied from 1.0 Hz
to 5.0 Hz, to simulate the effect the varying train speeds. The summary of the loading
conditions is tabulated in Table 4-5.

Fig. 4-8: Loading schematic for the undrained cyclic triaxial testing

Fig. 4-9 shows the flowchart of the scheme adopted for investigating the undrained cyclic
response of the remoulded subgrade specimen. The testing was concluded when there
was either a rapid accumulation of cyclic axial strains in the test specimen, or when the
test specimens stabilised after about 50000 loading cycles. To optimize the amount of
data for analysis for the large amount of loading cycles, the recorder was set to store data
for every alternate one hundred cycles. Membrane correction was applied to each test in
accordance with (ASTM D4767-95, 1995).
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Table 4-5: Summary of the testing conditions

Test No.

Initial Compacted
Density (kg/m3)

Loading
frequency, f (Hz)

Applied CSR Fluidised? ††

MP_101

0.2

N

MP_102

0.3

N

0.4

N

MP_104

0.5

Y

MP_105

1.0

Y

0.2

N

0.3

N

MP_108

0.5

Y

MP_109

1.0

Y

MP_110

0.3

N

0.5

Y

MP_112

1.0

Y

MP_201

0.2

N

MP_202

0.3

N

MP_203

0.4

Y

MP_204

0.5

Y

0.3

N

MP_206

0.5

Y

MP_207

0.3

N

0.5

Y

1.0

MP_103

MP_106
1790
MP_107
2.0

MP_111

5.0

1.0

1680
MP_205
2.0

5.0
MP_208

††

The details of whether the specimen has fluidized or not is discussed in the later sections.
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Start of Test

Non-linear
Undercompaction
criterion (Fig. 4-6)

Specimen
preparation

BP = 400 kPa

Back saturation

> 24 hours

Skempton’s
B ≥ 0.95?

No

Increase the
period of
saturation

Yes

No

Anisotropic
Consolidation

k0 = 0.6

One-way Cyclic
loading

Refer to Fig. 4-8

εac > 5%
Rise of EPP
Drop in q

Fluidised?
Yes

Post-fluidisation
Analysis

End of Test
Fig. 4-9: Flowchart adopted for the cyclic triaxial testing scheme
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4.3 Experimental Results
As discussed in the earlier sections, the cyclic axial strains and the excess pore pressure
are the key parameters investigated herein. It is noted that the cyclic axial strains
measured in the experimental programme were of single amplitudes. The effect of the
cyclic stress ratio (CSR) and the loading frequency (f) will be discussed in detail in the
following section.
4.3.1 Effect of cyclic stress ratio (CSR)
The effect of CSR on the accumulation of cyclic axial strains (εac) is shown in Fig. 4-10
and Fig. 4-11. In general, with increasing CSR, there is an increasing effect on the
evolution of cyclic axial strains. When the specimen is compacted to an initial density of

ρd = 1790 kg/m3, as the CSR is increased from 0.4 to 0.5, there is a sudden rise in the
cyclic axial strains (see Fig. 4-10(a)). Interestingly, when the specimen is subjected to a
CSR of 0.5 at 1.0 Hz frequency, the cyclic axial strains reach to 5.0% in about 90 cycles.
On the other hand, when the specimen is compacted at a lower density (ρd = 1680 kg/m3),
the strains reach 5.0% at only 30 cycles. Therefore, with respect to the initial dry density,
the specimen at a relatively looser state, accumulates larger strains in fewer cycles. In Fig.
4-10 (b), when the test MP_201, was carried out, the data logger recorded data for only
6500 cycles. When the CSR was increased from 0.3 to 0.4, a sharp rise in the cyclic axial
strains was observed. Thus, there exists a critical cyclic stress ratio (CSRc) which beyond
which there is a rapid accumulation of cyclic axial strains (Sangrey et al., 1969). The
value of CSRc is strongly dependent on the initial dry density of the specimen. The value
of CSRc lies in between 0.4 and 0.5 for the specimen at ρd = 1790 kg/m3, however, the
CSRc value drops in between 0.3 to 0.4 at ρd = 1680 kg/m3 (Fig. 4-10).
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(a)

(b)

MP_201

Fig. 4-10: Variation of the cyclic axial strain εac for specimens compacted at (a) ρd = 1790 kg/m3 (b) ρd = 1680 kg/m3 at a loading frequency of 1.0 Hz

(a)

(b)

Fig. 4-11: Variation in the cyclic axial strain εac for specimens compacted at ρd = 1790 kg/m3 at a loading frequency of (a) 2.0 Hz (b) 5.0 Hz
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In addition to the cyclic axial strains, the effect of CSR on the excess pore pressure was
also investigated. The excess pore pressure (EPP) plays a crucial role in the failure of a
soil specimen under undrained conditions. The mean value of the cyclic excess pore
pressure was computed by taking the average of the ten data points in every cycle. To
represent the mean excess pore pressure (EPP) in a dimensionless format, the computed
value was normalised with respect to the effective confining pressure after the
′
=15 kPa). Fig. 4-12 and Fig. 4-13 show the variation of mean
consolidation phase (i.e., 𝜎𝜎3𝑐𝑐

excess pore pressure ratio for different CSR value at different initial dry densities. From
Fig. 4-12 (a), we can observe a sudden rise in mean EPP ratio for a specimen subjected
to a CSR of above CSRc. When the specimen (ρd = 1790 kg/m3) is subjected to a CSR of
1.0 at a loading frequency of 1.0 Hz, the mean EPP ratio continues to rise in fewer loading
cycles. The EPP turns the top of the specimen into a highly unstable state (i.e., sudden
rise) just after 3 cycles.
When the specimen is subjected to a CSR < CSRc, the mean EPP ratio stabilises before
the end of the test (50000 cycles). Further, a significant rise in EPP ratio is observed for
the specimens compacted at a lower density (ρd = 1680 kg/m3). For example, comparing
the mean EPP ratio for the following loading conditions (CSR = 0.5, f = 1.0 Hz), the EPP
ratio after 30 cycles is about 0.32 for the dense specimen whereas it is nearly 0.5 and
increasing for the loose specimen. In general, when loose sand specimens are subjected
to undrained cyclic loading, larger magnitudes of EPP is expected due to the presence of
more void space as opposed to when the specimens are densely compacted. This
contractile behaviour is usually seen in the case of sands (Kramer, 1996). Further, from
Fig. 4-13(b), there is a delay in the pore pressure generation at 5.0 Hz frequency. The
delay in the development of the axial strains and EPP could be attributed to the lack of
response time for the test specimens when subjected to a higher loading frequency.
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(a)

(b)

Fig. 4-12: Variation of the Mean EPP ratio for specimens compacted at (a) ρd = 1790 kg/m3 (b) ρd = 1680 kg/m3 at a loading frequency of 1.0 Hz

(a)

(b)

Fig. 4-13: Variation in the Mean EPP ratio for specimens compacted at ρd = 1790 kg/m3 at a loading frequency of (a) 2.0 Hz (b) 5.0 Hz
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4.3.2 Effect of the loading frequency
The loading frequency has a considerable effect on the development of cyclic axial strains
and mean excess pore pressure (Fig. 4-14 and Fig. 4-15). When the specimen is
compacted to an initial density of ρd = 1790 kg/m3, for a smaller value of CSR (i.e., CSR
< CSRc) the effect of frequency is almost insignificant (Fig. 4-14a). This is attributed to
the near identical increase in the rate of EPP, irrespective of the loading frequency, as the
number of cycles increase. However, there are some differences in the cyclic axial strains
(εac) as the frequency is varied; essentially, the larger frequency causes a higher axial
strain. For example, at 1.0 Hz frequency, the cyclic axial strain (εac) rises to 0.25% at the
end of 50,000 cycles, but it increases rapidly to 0.9% when the applied frequency is 5.0
Hz. On the other hand, when the CSR is larger than the CSRc, it is seen that with increasing
frequency, there is a delayed response in the inception of soil fluidisation. From Fig.
4-14(b), a rapid increase in the EPP is triggered at N ≈ 32 cycles, for f = 1.0 Hz, but it
takes 3200 cycles at f = 5.0 Hz. This delayed response at higher frequency was also
observed in some cases in the literature (Voznesensky and Nordal, 1999; Zhou and Gong,
2001; Andersen, 2009; Dash and Sitharam, 2016). It may be due to the lack of response
time for the test specimen to respond at higher loading frequency.
From Fig. 4-15 (a), similar findings are observed, when the CSR<CSRc, however,
the magnitude of the EPP is large for the specimens compacted at the lower density. At
cyclic stress ratio (CSR) greater than the critical cyclic stress ratio, CSRc, higher
frequency resulted in the delayed failure of the specimens. This is attributed to the lack
of response time for the specimen to react to the high cyclic stresses being applied on the
specimen (> CSRc). On the other hand, at CSR < CSRc, the role of frequency dominated
the applied cyclic stresses i.e. higher frequency resulted in larger cyclic axial strains.
Therefore, it can be concluded that the frequency and the CSR are interdependent.
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(a)

(b)

Fig. 4-14: Variation of the Mean EPP ratio and cyclic axial strains for specimens compacted at ρd = 1790 kg/m3 at (a) CSR = 0.3 (b) CSR = 0.5

(a)

(b)

Fig. 4-15: Variation of the Mean EPP ratio and cyclic axial strains for specimens compacted at ρd = 1680 kg/m3 at (a) CSR = 0.3 (b) CSR = 0.5
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4.4 Incremental rate of strain and mean excess pore pressure
The rates of strain and pore pressure accumulation play a crucial role in governing the
failure of a specimen under cyclic loading (Ni, 2012). Fig. 4-16(a) shows the typical axial
strain/ mean EPP response of stable and fluidised specimens. This is in reference to the
trends observed from the series of cyclic triaxial tests as conducted in the above sections.
The concave form of the axial strain vs number of cycles, N, denotes the response of a
specimen which remains stable even after 50000 cycles. On the other hand, the fluidised
specimens tend to have more of a convex shape, due to the rapid accumulation of
strains/EPP. The rate of axial strains and EPP provide valuable insights into the cyclic
response of the soil specimens. There exists an inflection point beyond which the cyclic
strains and EPP rise rapidly (Fig. 4-16b).
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Fig. 4-16: Response of fluidised and stable specimens in terms of (a) axial strains (b)
incremental rate of axial strains and rate of mean EPP

The trend of the rate of axial strains and EPP with respect to the number of cycles, N, is
shown in Fig. 4-16(b). For the fluidised specimens, the point of inflection on the
incremental rate plot is defined as the critical number of cycles, Nc. The variation in the
rate of axial strain and mean EPP accumulation can be seen in Fig. 4-17 and Fig. 4-18 for
various CSR, loading frequency and initial dry densities. For the specimens that have
fluidised at high CSR, one can clearly see a distinct rise in the rate of axial strains and
pore pressures. This indicates that there is a large accumulation of axial strains and EPP
which occurs in a few cycles. For example, for a specimen compacted at ρd = 1790 kg/m3,
subjected to a CSR = 0.5 and f = 1.0 Hz, the rate of axial strain rises to 0.14 in about 100
cycles, and at the same time, the rate of pore pressure increases to 0.7 (Fig. 4-17a). The
rapid increase in the rates of axial strain and EPP can be used as an indicator to predict
the onset of liquefaction under undrained cyclic loading (Konstadinou and Georgiannou,
2014). On the other hand, for the stable specimens, the rate of axial strains and EPP rise
for the first few cycles, and then tend to reach a near zero value (Fig. 4-18a).
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(a)

(b)

Fig. 4-17: Variation of the rate of axial strain and mean EPP with the number of cycles, N at 1.0 Hz frequency for (a) ρd = 1790 kg/m3 (b) ρd = 1680 kg/m3

(a)

(b)

Fig. 4-18: Variation of the rate of axial strain and mean EPP with the number of cycles, N at ρd = 1790 kg/m3 for (a) CSR = 0.3 (b) CSR = 0.5
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4.5 Effect of initial dry density
The frequency-dependent behaviour is also found in soils with different densities, as
shown in Fig. 4-19. When the CSR > CSRc, the sample is fluidised once the critical
number of cycles, Nc, is reached. There exists a near linear relationship between Nc
(logarithm scale) and loading frequency (f), irrespective of the dry densities. The effect
of frequency becomes more apparent (i.e., the greater slope of the log (Nc)-f curve) at
larger dry densities. This implies that for a given loading frequency, the greater the dry
density, the greater the critical value of Nc. For stable specimens (i.e., CSR < CSRc), the
peak cyclic axial strain (εac) after N = 50,000 cycles was considered to evaluate the
influence of frequency. The soil with a higher dry density apparently results in lower
permanent deformation. Therefore, for CSR < CSRc, a fast train moving (larger
frequency) would cause more permanent deformation of the subgrade. However, when
CSR > CSRc where the subgrade is susceptible to fluidisation, the greater the train speed,
the delayed the inception of subgrade fluidisation under undrained condition.
The samples with a greater dry density or relative compaction showed better signs in
resisting cyclic stresses under the same loading conditions. This results in a larger critical
for the critical stress ratio CSRc (Fig. 4-20a). For example, samples with ρd = 1790 kg/m3
fluidises at a CSR ≥ 0.5, but at lower densities (1600 and 1680 kg/m3) the test specimens
fluidise at a lower CSR (0.3 and 0.4, respectively). Although specimens with a lower
density fail at a smaller CSR, it takes a greater number of cycles to initiate fluidisation at
the corresponding critical CSRc. As can be seen from Fig. 4-19, increasing the magnitude
of CSR decreases the value of Nc, which further clarifies how significantly the CSR can
affect Nc in relation to a given soil density.
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(a)

(b)

Fig. 4-19: Effect of frequency and initial dry density on the (a) critical number of cycles (b)
residual axial strain (CSR < CSRc)
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For subgrade soils subjected to a CSR < CSRc, the influence of varying dry density on
the residual axial strain is of some concern. The residual strains constitute the permanent
deformations in the subgrade soil and are non-recoverable in nature. The axial strains of
the test specimens with different densities is compared under the same loading conditions,
i.e., f = 1.0 Hz and CSR = 0.2 and 0.3 (only considering cases when the CSR < CSRc) is
compared. The results shown in Fig. 4-20 indicate a considerable influence of the dry
density on the permanent (residual) axial strain (εar) of soil. The larger the density, the
smaller the permanent strain. For example, εar increases from 0.08 to almost 0.4 when ρd
decreases from 1790 to 1600 kg/m3 at the same CSR of 0.2; apparently the higher value
of CSR results in a larger axial strain. These findings also complement some previous
studies (Georgiannou et al. 1991; Hyodo et al. 1991) which indicate that reducing the void
ratio by increasing the dry density or RC helps to regulate the residual deformations as
well as to enhance the cyclic shear strength of subgrade soil.

(a)
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(b)

Fig. 4-20: Effect of dry density on the (a) CSRc and Nc (b) residual axial strain (f = 1.0 Hz)

4.6 Typical Fluidised Specimen
The effect of CSR and frequency was investigated on specimens with two different initial
dry densities. There exists a critical CSRc, dependent on the dry density, beyond which
there is a rapid accumulation of axial strains and mean excess pore pressure, which leads
to the fluidisation. Fig. 4-21, shows the typical example of a specimen that has fluidised
at a CSR of 0.5 and loading frequency of 1.0 Hz. Due to the rapid increment in the cyclic
axial strains and EPP, the top portion of the specimen is seen to bulge and upon careful
removal of the top cap, one can observe the slurry formation at the top. It is believed that
under cyclic loading, the top portion of the specimen dilates, and accounts for more
contractive excess pore pressures which push the water upwards to the top of the
specimen. To investigate this further, the top portions of the specimens which have
fluidised at CSR > CSRc, were tested for the water contents, at the end of cyclic loading.
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Fig. 4-21: A representative fluidised specimen (MP_104, CSR 0.5, f = 1.0 Hz)

The measured water contents are noted in Table 4-6.There is a considerable increase in
the water content at the top of the specimen, during the cyclic loading. Therefore, under
the action of the cyclic loading, there is ingress of moisture which when reaches or
exceeds the liquid limit of the soil, causes the formation of a soil slurry. In addition to the
measurement of the water contents, representative samples were collected from the top
and middle one-third of the specimen, to evaluate the particle size distribution (PSD). The
PSD was measured using the Malvern Particlesizer, at the lab facilities in the UoW. The
Particlesizer can detect a maximum size of up to 2.0 mm, and three readings were taken
for each of the samples. Fig. 4-22 shows an evident increase of fines (< 75 µm) at the top
as compared to that at the middle of the specimen. The finer fraction, has a higher specific
surface area, therefore, in addition to the migration of fines, there is an ingress of moisture
to the top of the specimen
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Fines fraction (< 75 µm)

Before testing

Fig. 4-22: Change in PSD after cyclic loading (Test No. MP_104)
Table 4-6: Change in water content post-cyclic loading

Average water

Water content at

content (%) (post-

the top (%) (after

saturation)

cyclic loading)

Initial compacted
Test No.

density ρd (kg/m3)

MP_104 (CSR =
0.5, f = 1.0 Hz)
MP_111 (CSR =

23.1%
1790

20.1%
22.9%

0.5, f = 5.0 Hz)
MP_203 (CSR =

25.2%

0.4, f = 1.0 Hz)
MP_204 (CSR =
0.5, f = 1.0 Hz)
MP_206 (CSR =

25.8%
1680

22.3%
24.8%

0.5, f = 2.0 Hz)
MP_208 (CSR =

24.7%

0.5, f = 5.0 Hz)
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4.7 Conclusions
The soil samples were collected from a problematic site near Wollongong, NSW that has
experienced frequent mud pumping in the last few years. The soil specimens were
prepared using the nonlinear undercompaction criterion to achieve specimens at different
initial dry densities and were subjected to a wide array of cyclic stress ratio and loading
frequency. The salient conclusions that can be drawn from the extensive cyclic triaxial
testing under undrained condition, are as follows:
•

There exists a critical cyclic stress ratio (CSRc), beyond which there is a rapid
accumulation of axial strains and cyclic excess pore pressure. The value of CSRc
is a function of the initial dry density. For example, for the specimen compacted
at ρd = 1790 kg/m3, the CSRc ranges between 0.4 and 0.5 whereas for the
specimens with ρd = 1680 kg/m3, the CSRc drops between 0.3 and 0.4.

•

The effect of loading frequency is strongly dependent on the applied cyclic stress
ratio. When the specimen is subjected to a CSR > CSRc, higher loading frequency
causes a delayed axial strain and EPP due to the lack of response time for the test
specimens. On the other hand, when the CSR < CSRc, the trend reverses.

•

The plots for the rate of axial strain and EPP can predict the critical number of
cycles which causes the inception of fluidisation.

•

At higher CSR ( > CSRc), the specimens fluidise due to the rapid build-up of
excess pore pressures which occurs with the migration of finer fraction to the top
of the test specimen. The redistribution of moisture pushes the water content
closer to the liquid limit, this leads to the fluidisation of the test specimens.
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THE LABORATORY EXPERIMENTS
5.1 Introduction
Having identified the critical loading conditions that cause the fluidisation of the subgrade
specimens, it is also quintessential to understand the stress-strain behaviour of the
specimens under undrained cyclic triaxial condition. The following chapter discusses the
stress-strain behaviour of the test specimen, the variation in the stress-paths and most
importantly, the reduction in the soil stiffness under cyclic loading. Stiffness degradation
index, which is defined as the ratio of the axial dynamic stiffness of the specimen at any
given cycle N, to that of the axial dynamic stiffness of the first cycle, is evaluated for the
triaxial tests in the previous chapter. A new empirical model is proposed to predict the
generation of excess pore pressure as a function of the applied cyclic stress ratio.
Additionally, a novel method is proposed to predict the critical number of cycles required
to initiate the fluidisation of the test specimens based on the combined plots of stiffness
degradation index and the mean excess pore pressure ratio. The strain energy stored
within the specimen during cyclic loading is also evaluated to distinguish the behaviour
of the stable to that of the fluidised specimens.

5.2 General stress-strain behaviour under cyclic loading
The cyclic properties of soils depend on the stress state of the soil, prior to the loading
and also on the stresses imposed by the loading (Kramer, 1996). When a soil element is
subjected to the stress conditions as shown in Fig. 5-1, the graphical interpretation of the
stress state and the stresses induced by the external loading is known as the Mohr’s circle
of stress.
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Fig. 5-1: Mohr’s circle for a soil element subjected to a major principal stress, σy and minor
principal stress, σx (after Kramer, 1996)

However, when a soil specimen is subjected to repetitive loading, due to the inherent
elastoplastic nature of the soil, the specimen accumulates strains in both the axial and
radial directions. Consider a saturated soil element under triaxial loading which is
subjected to a confining pressure of σ3 , as shown in Fig. 5-2 (a,b). The Mohr’s circle that
corresponds to different conditions is shown in the adjoining figures. When the axial
1

1

stress on the specimen has increased to σ3 + 2 σd and that in a radial direction is σ3 - 2 σd ,

the corresponding Mohr’s circle is as shown in Fig. 5-2 (c,d). The total normal stress on
1

the X-X plane is σ3 and the shear stress is + 2 σd , whereas the total normal stress on the Y1

Y plane is σ3 and the shear stress is - 2 σd .
(a)

(b)
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(c)

(d)

Fig. 5-2: Interpretation of the cyclic shear stress acting on a plane of a triaxial test specimen
(after Das and Ramana, 2010)

Fig. 5-3: Generalised representation of stress-strain behaviour for one-way stress controlled
cyclic loading
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The generalised stress-strain behaviour of a specimen subjected to one-way stresscontrolled cyclic loading is shown in Fig. 5-3 because the top of the subgrade specimen
experiences no tensile stress during the passage of rail bogies (Liu and Xiao, 2010). For
a one-way stress controlled cyclic loading, the specimen is not subjected to any tensile
stresses, i.e. the applied cyclic stress oscillates about a positive value of the datum and
the amplitude of the loading is less than the prescribed value of the datum (Fig. 5-3). The
evolution of the cyclic axial strain generates the cyclic stress loops which govern the
cyclic response of the specimen.
5.2.1 Stress-strain plots
The response of the soil specimen under cyclic loading can be broadly categorised as
either, (a) stable or (b) unstable. There is a critical cyclic stress ratio beyond which
specimens will experience a rapid accumulation of axial strains and excess pore pressure
(pore pressure develop under undrained conditions) (Sangrey et al., 1969; Sangrey and
France, 1980). The typical stress loops formed when a specimen is subjected to a cyclic
stress ratio that is less than the CSRc is shown in Fig. 5-4. The plot shows the development
of stress-strain loops of a test specimen compacted at an initial dry density of ρd = 1790
kg/m3, subjected to a CSR of 0.4 (< CSRc). The stress loops gradually evolve with the
number of cycles which indicates that the specimen did not accumulate large axial strains
and therefore tended to remain stable even after 50000 loading cycles. As can be seen
from Fig. 5-4, the cyclic axial strain after 50000 cycles is about 0.45%. Likewise, the
specimens experienced smaller strains and tended to have less excess pore pressure when
subjected to CSR < CSRc. This finding was consistent with other literature (Larew, 1960;
Hanna and Javed, 2008; Thian and Lee, 2017) that reported similar stress-loops at lower
cyclic stress ratios.
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Fig. 5-4: Evolution of stress loops for a specimen subjected to a CSR =0.4, f = 1.0 Hz
(ρd = 1790 kg/m3)

However, when a specimen was subjected to a CSR greater than the critical CSRc, as the
axial strains evolved the stress-strain loops tended to drop (Fig. 5-5). This is consistent
with the strain softening behaviour (Hyde et al., 2006; Baki et al., 2012) reported for soft
soils under undrained cyclic loading because it implies that when a specimen experiences
cyclic stresses that are greater than the critical cyclic stress ratio, it softens, which then
leads to the fluidisation of the top portion of the specimen. A similar trend also occurred
for specimens compacted at a lower density. Moreover, the area of the stress-strain loops
also increased as the specimen approached higher cyclic axial strains (i.e., ≈ 5%). The
area under the stress-strain loops represents the strain energy stored within the specimen;
this will be discussed in detail in the later section.
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Fig. 5-5: Evolution of stress loops for a specimen subjected to a CSR = 1.0, f = 1.0 Hz
(ρd = 1790 kg/m3)

5.2.2 Plots in the q-p’ stress space
The q-p’ plot shows the various stress paths in specimens that are subjected to a static or
cyclic load. Under triaxial loading, the deviatoric stress q and the mean effective stress p’
are calculated as follows:
q=σ1 -σ3 =σ'1 -σ'3
σ1 +2σ3
p' = �
� -u
3

When a specimen compacted at a density of 1790 kg/m3 is subjected to a CSR ≥ 0.5, it
experiences rapid strain accumulation, as discussed in the previous chapter, and as well
as excessive deformation, there is also a sharp drop in the deviatoric stress path, as shown
in Fig. 5-6. This indicates that the soil specimens lose their strength due to fluidisation
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and interestingly, this occurs prior to the conventional undrained failure line. However,
when specimens are subjected to a CSR < CSRc, the effective stress path does not reach
the failure envelope.
When a specimen is compacted to a very high density that is close to the maximum dry
density of the soil, the undrained failure line represents a relatively high value for the
angle of shearing resistance. Moreover, the particle size distribution curve of the soil
indicates a large amount of fine to medium sands (around 30 %). Similar high undrained
friction angles have been reported in previous literature for certain fine grained soil (Lo,
1962; Dìaz‐Rodrìguez et al., 1992; Cola and Cortellazzo, 2005). It is also noted that the
fluidised specimens have a non-zero effective stress at failure, unlike traditional
liquefaction theories which reported a near zero-effective stress for specimens of liquefied
sand (Seed and Lee, 1966; Castro, 1975; Boulanger and Idriss, 2004; Muhunthan and
Worthen, 2011).

Fig. 5-6: Stable vs Fluidised specimens in a q-p’ stress space
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5.3 Stiffness degradation under cyclic loading
5.3.1 Conceptual background
When a specimen of soft soil is subjected to cyclic loading there may be a reduction in
stiffness with the number of loading cycles (Idriss et al., 1978; Ishihara and Yasuda, 1980;
Vucetic and Dobry, 1988; Kagawa, 1992; Zhou and Gong, 2001; Lee et al., 2007;
Kallioglou et al., 2008; Guo et al., 2013; Cai et al., 2018). This effect depends mainly on
the level of cyclic stress/strain applied, so when soil experiences larger strains there is a
large reduction in its stiffness (Leal and Kaliakin, 2013).
To study the effect of stiffness degradation under cyclic loading, Idriss et al. (1978)
carried out a series of stress and strain controlled cyclic triaxial tests on samples of
normally consolidated clay. The back bone curve was calculated based on the Ramberg
and Osgood (1943) formulations shown in Fig. 5-7. Note that the backbone curve is
represented in terms of the axial stress and axial strain because these quantities are easy
to measure under triaxial conditions (Idriss et al., 1978). The stiffness degradation
depends mainly on the level of cyclic strain applied. On the basis of cyclic triaxial tests
on Drammen clay, Andersen et al. (1980) concluded that the shear modulus decreased as
the number of loading cycles increased. At higher levels of cyclic stress (i.e., greater than
the critical CSRc), there was a sharp reduction in the shear modulus, but at lower levels
of stress the shear modulus was found to be independent of the number of cycles
(Andersen et al., 1980).
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Fig. 5-7: Typical Stress-strain relationship in terms of axial stress and axial strain

Idriss et al. (1978) defined the degradation index, δ, as the ratio of the peak axial stress
measured at any given cycle to that of the peak axial stress at the end of first cycle, for a
strain-controlled cyclic triaxial test. Further, the authors observed a linear variation of the
logarithm of the degradation index with logarithm of the number of cycles, N, the slope
of which was defined as the degradation parameter, t.
Vucetic and Dobry (1988) investigated the parameters investigated the factors influencing
the degradation parameter, t. The effect of overconsolidation ratio (OCR) was identified
to have a prominent effect on the degradation of clays having low to medium plasticity.
Vucetic and Dobry (1988) performed a series of cyclic strain-controlled simple shear tests
on undisturbed clay specimens at various levels of overconsolidation. The stiffness
degradation is suppressed significantly at higher values of OCR (Vucetic and Dobry,
1988).
Zhou and Gong (2001) studied the influence of the cyclic stress ratio (CSR) and the
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frequency on degradation index, δ. The rate of degradation is greater at low loading
frequency while it is lesser at high loading frequency (Zhou and Gong, 2001). As can be
seen from Fig. 5-8, with increasing cyclic stress ratio, there is a rapid reduction in the
degradation index. Therefore, the degradation index is dependent on the applied loading
characteristics, viz., the CSR and loading frequency, f.

Fig. 5-8: Variation of the degradation index with different CSR and loading frequency, f (after
Zhou and Gong 2001 7)

7

With permission from the journal.
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Cai et al. (2018) proposed the degradation index in terms of the ratio of axial dynamic
modulus at any given cycle to that of the initial axial dynamic modulus of the soil. The
axial dynamic modulus was defined as the ratio of the difference of the maximum and
minimum axial stress to the difference of maximum and minimum axial strains for a given
cycle. Cai et al. (2018) proposed an empirical model for the degradation index based on
the CSR, the angle of principal stress rotation and the number of cycles.
5.3.2 Evaluating Stiffness Degradation Index
As discussed in the above sections, several researchers have tried to capture the
degradation of a soil specimen under cyclic loading in terms of stress (Idriss et al., 1978;
Vucetic and Dobry, 1988; Jiang et al., 2010), strain (Zhou and Gong, 2001; Mortezaie
and Vucetic, 2013; Lei et al., 2016) and stiffness (Kagawa, 1992; Lee et al., 2007; Guo et
al., 2013; Cai et al., 2018). When a test specimen fluidises (i.e., at CSR > CSRc), Fig. 5-5
shows the deviatoric stress acting on the specimen has dropped and therefore stress-based
degradation cannot be readily applied to evaluate the degradation index. The approach
followed by Cai et al. (2018) was adopted for this current analysis. The axial dynamic
stiffness was defined as the ratio of the difference between the maximum and minimum
deviatoric stress to the difference between the maximum and minimum axial strain at N
number of cycles, as given below: (note that the data logger recorded 10 data points per
cycle)
σd,max -σd,min
�
Ed,N = �
εd,max -εd,min N
As the axial strains are considered in the determination of the stiffness, it is termed as the
axial dynamic stiffness. The stiffness degradation index δ, is then computed by comparing
the axial dynamic stiffness of a given cycle to that of the first cycle.

114

Chapter 5 Stress-strain behaviour
E

δN = Ed,N
d,1

The larger the degradation index, the less the amount of strain induced by the unit cyclic
deviator stress, so a soil with lower stiffness indicates severe stiffness degradation. In
other words, the specimen that experiences greater deformation has a smaller degradation
index.
5.3.3 Stiffness Degradation Index plots
The stiffness degradation index was computed for the series of cyclic triaxial test results
presented in Chapter 4. Fig. 5-9 (a, b) represents the two distinct responses of stiffness
degradation over an increasing N that matches the fluidisation mechanism of soil quite
well, as described in the earlier chapter. For stable specimens the degradation index
tended to decrease significantly for the initial cycles but then reached a stable level as N
approached 50,000 cycles. This is evident from Fig. 5-9a where the stiffness degradation
reached an almost constant value after about 2000 cycles. This stable region corresponded
to the purely elastic behaviour of specimens reported in previous literature (Cai et al.,
2018).
However, when the applied cyclic stress ratio (CSR) was greater than the critical cyclic
stress ratio (CSRc) it was found that the higher the frequency, the faster the soil
degradation. For example, Fig. 5-9(b) shows that when a specimen compacted at 1790
kg/m3 was subjected to a CSR of 0.5 and the loading frequency increased from 1.0 Hz to
5.0 Hz, there was a delayed reduction in the stiffness degradation index.
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Fig. 5-9 Stiffness Degradation Index for the specimens compacted at ρd = 1790 kg/m3 at (a)
CSR = 0.3 (b) CSR = 0.5 at different frequency

A similar observation was noted when the specimen was compacted at a lower density,
i.e., ρd = 1680 kg/m3, the degradation index rapidly fell to 0.3 in less than 100 cycles
when the applied CSR was 0.5. At lower CSR, the stiffness did not drop further after
about 1000 cycles. The specimens tend to retain the strength even after 50000 cycles,
when the applied cyclic stresses is less than the critical value. Idriss et al. (1978), Zhou
and Gong (2001) among other researchers made analogous observations while studying
the degradation aspects of soft cohesive soils.

Fig. 5-10: Stiffness Degradation Index for the specimens compacted at frequency of 1.0 Hz at
(a) ρd = 1790 kg/m3 (b)ρd = 1680 kg/m3 at varying CSR
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5.3.3.1 Effect of Cyclic stress ratio
The above plots indicate that the cyclic stress ratio plays an important role in governing
the stiffness of the specimens because when the CSR > CSRc, despite the initial dry
density and loading frequency, the specimen still fluidised and experienced a sharp drop
in its stiffness. While other researchers (Larew, 1960; Sangrey et al., 1969) have observed
the critical value of the cyclic stress ratio as it relates to the excessive axial strain and pore
pressure and the specimen that fluidised under cyclic loading, the top of the specimen
experienced a large reduction in its stiffness. This was also evident from the visual
inspection carried out on typical fluidised specimens. The effect of CSR on the
degradation index is evident from Fig. 5-11, because the fluidised specimen tended to
lose its stiffness in less cycles than the stable specimens.

Fig. 5-11: Effect of CSR on the degradation index for a specimen compacted at ρd = 1790 kg/m3
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5.3.3.2 Effect of initial dry density
When the specimen is well compacted (at ρd = 1790 kg/m3), a large cyclic stress ratio is
needed to induce fluidisation. As can be seen from Fig. 5-12, the loosely compacted
specimen experienced greater stiffness degradation than the specimen with the higher
compacted density because the looser specimens tended to exhibit a contractile response
whereas the dense specimens exhibited dilation (Kramer, 1996); this is why loosely
compacted specimens also accumulate larger excess pore pressures under cyclic loading.

Fig. 5-12: Effect of initial dry density on the degradation index for a specimen subjected to a
loading frequency of 1.0 Hz

5.4 Model for predicting excess pore pressure
As well as stiffness degradation, one of the important factors that contribute to the
fluidisation of subgrade soils under moving loads is the cyclic excess pore pressure (EPP)
(Alobaidi and Hoare, 1994; Duong et al., 2014; Singh et al., 2019); which is why being
able to reasonably predict the excess pore pressure generated under cyclic loading is
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essential. Several models that have been proposed (Ansal and Erken, 1989; Yasuhara et
al., 1992; Ni et al., 2013; Paul et al., 2015) to predict the cyclic excess pore pressure of
soft soils under undrained conditions are summarised in Table 5-1; this table also
discusses the shortcomings of each model. In order to rationalise the excess pore pressure
results obtained in the current study, a new empirical model is proposed to predict the
excess pore pressure under cyclic loading.
Table 5-1: Summary of few of the existing models predicting cyclic excess pore pressures
Reference
Model highlights
Shortcomings

Procter and Khaffaf (1984)

Expressed as a function of

Development of cyclic axial

CSR, loading frequency and

strains and pore pressure not

number of cycles
Performed regression
Ansal and Erken (1989)

analysis to predict cyclic
yield strength and EPP as a

modelled.
Effect of frequency was
ignored in the mathematical
formulations

function of CSR and N
Mathematical expression
Zhou and Gong (2001)

Many parameters (6) are

incorporating CSR,

used in the regression

frequency and OCR.

analysis.

Sitharam and Govindaraju

Unique relationship between

The effect of confining

(2007)

pore pressure and cycle ratio.

pressure is not considered.

Correlation of the EPP with
Konstadinou and

the number of cycles and

Georgiannou (2014)

also the energy dissipated

Calibration of four
parameters is needed.

within the specimen.

Paul et al. (2015)

Hyperbolic model including

Requires rigorous

the CSR, frequency and soil

calibration.

plasticity.
Relationship between EPP
Sağlam and Bakir (2018)

Low frequency range: 0.005

and the number of cycles as a Hz to 0.5 Hz.
function of CSR and initial
void ratio.
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A new model is proposed to capture the rise in the mean EPP ratio, um /σ'3c , with respect
to the applied cyclic stress ratio. The normalised mean excess pore pressure (um /σ'3c ) can
be expressed as a power function of the CSR. The model parameters, A and B, can be
expressed as functions the number of cycles, N.
um
=A(CSR)B
'
σ3c
5.4.1 Model Validation
The model described by the above equation can be used to predict the mean excess pore
pressure generated during cyclic loading. The data used for this validation was sourced
from the results published by Ansal and Erken (1989), and the tests were carried out on
specimens of remoulded clay using cyclic simple shear tests. The model predictions seen
in Fig. 5-13 are a satisfactory match with the experimental results. The model parameters
used for the validation are A=0.485 ln(N) +0.3125, B=2.314 N-0.024, where N is the

applied number of cycles.

Fig. 5-13: Model predictions for mean EPP ratio for the data from Ansal and Erken (1989)
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5.4.2 Model Predictions
The above model was used to predict the rise in mean excess pore pressure for the
experimental results presented in chapter 4. The model parameters required to fit the data
for a test specimen compacted at a density of ρd = 1790 kg/m3 and subjected to a
frequency of 1.0 Hz are A=0.22 ln(N) +0.183 and B=1.41 N-0.024 . Fig. 5-14, shows that

the present model predicts the mean excess pore pressure ratios for a wide range of CSRs
quite well. Moreover, and unlike the earlier models, this current model can also predict
the mean EPP values for a larger number of cycles.

Fig. 5-14: Model predictions for the experimental data
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5.5 Predicting the onset of fluidisation with the stiffness degradation
index:
The experimental results and the above discussions have established that the fluidised
specimens experienced a rapid development of excess pore pressure which made them
softer, and eventually reduced their stiffness. To predict the onset of fluidisation, the
aforementioned stiffness degradation index can be incorporated in conjunction with the
mean excess pore pressure plots. The degradation index δ varies from 1.0 to 0.0, whereas
the mean excess pore pressures were normalised with the mean effective stress and varied
between 0.0 and 1.0. During the first few cycles the specimen experienced a gradual
reduction in stiffness and a slow rate of accumulating excess pore pressure, but once the
specimen reached a critical number of loading cycles Nc there was a sudden drop in the
stiffness degradation index and a sharp rise in the mean EPP ratio. Thus, the point where
the two curves intersect is defined as the critical number of cycles Nc that are needed to
initiate fluidisation.
Fig. 5-15(a) shows that the critical number of cycles required for a specimen compacted
at a density of 1790 kg/m3 can be estimated as 45, 215 and 3300 for loading frequencies
of 1.0, 2.0 and 5.0 Hz respectively, and the critical number of cycles Nc marks the onset
of instability. This means that fluidisation would occur after the specimen had
experienced a critical level of cyclic stress ratio (CSRc) that continued until it reached the
critical number of cycles Nc. When a specimen was subjected to a CSR < CSRc, the excess
pore pressure stabilised after a few thousand cycles, and since the plots of stiffness
degradation indicate that the specimen stiffness stabilised at lower levels of CSR (i.e., <
CSRc), the critical number of cycles was only estimated for specimens which fluidise
when subjected to a CSR > CSRc. The cyclic axial strain plots were re-analysed by
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considering the critical number of cycles, and are plotted in Fig. 5-16. Note that the critical
number of cycles estimated from the stiffness degradation index marks the onset for a
sudden increase in the axial strains, and therefore the stiffness degradation index can be
used to estimate the number of cycles needed to fluidise specimens that are subjected to
a critical CSRc.

45

11

215

101

3300

400

Fig. 5-15: Estimating the critical number of cycles for specimens subjected to CSR = 0.5 and
compacted at (a) ρd = 1790 kg/m3 (b) ρd = 1680 kg/m3 using stiffness degradation index
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45

215

3300

Fig. 5-16: Onset of fluidised specimen using the critical number of cycles obtained from
stiffness degradation (ρd = 1790 kg/m3, CSR = 0.5)

5.6 Cyclic Strain Energy concept
Ever since research into the cyclic loading of cohesive soils, stress based analysis has
been a major emphasis, with the focus being centred mainly on correlating the applied
cyclic stress and the cyclic excess pore pressure to the number of cycles to failure (NematNasser and Shokooh, 1979; Green et al., 2000; Davis and Berrill, 2001; Kokusho, 2013;
Konstadinou and Georgiannou, 2014; Deng and Ren, 2017). During repetitive loading,
cohesive soils accumulate plastic/irrecoverable strains, which under undrained conditions
cause the pore water pressure to increase. Thus, having obtained the critical cyclic stress
ratio (CSRc) from the experimental test results, the application of a greater cyclic stress
(> CSRc) results in imminent failure. It is also important to know the amount of energy
transmitted to the soil under cyclic loading that leads to failure. Recent studies have
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shown how the energy based method has been applied to a spectrum of analysis ranging
from an evaluation of liquefaction potential (Kokusho, 2013) to the permanent
deformation of sand under traffic loads (Cai et al., 2015), and lately on the vibrational
analysis of cohesive soils (Deng and Ren, 2017).
Nemat-Nasser and Shokooh (1979) were probably the first to study the applicability of
energy-based methods in the late 1970’s. Their hypothesis was based on an observation
that at the expense of a certain amount of energy, soil would be rearranged under cyclic
loading such that depending on the drainage conditions, this would lead to either
densification or an increase in the pore water pressure. Later, Simcock et al. (1983)
computed the dissipated energy from the cyclic triaxial tests and reported that the mean
normalised excess pore pressure and the dissipated energy are closely related. Towhata
and Ishihara (1985) studied the influence of the stress path on loose sand using hollow
cylindrical torsion shear apparatus. They concluded that the accumulated energy has a
characteristic relationship with the generated pore pressure and is independent of the
stress paths. Most of the findings in the literature relate to the density of cyclic strain and
the excess pore pressures of granular materials, so there is clearly a need to investigate
the same for soils prone to fluidisation.
The plot of cyclic stress versus the shear strain governs the area of the stress loops. The
area under these stress-strain curves gives the cyclic shear strain energy (ECSS ) for every
cycle. It is important to note that the cyclic strain energy transferred to the specimen plays
a key role in cyclic failure. The results of the cyclic triaxial tests were analysed by
computing the cyclic shear strain energy stored in each specimen per cycle. The ECSS is
defined by the integral of applied deviatoric stress over the shear strains per cycle, in other
words, it is the area enclosed by the stress-strain loop for every cycle.
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The recorder measured 10 data points for every cycle and the axial strains at these
intervals. The strains at these increments can be used to compute the area using the
trapezoidal rule of integration. All the calculations were carried out using Excel
spreadsheets and by evaluating the amount of energy stored in each specimen per cycle.
A specimen was considered to be stable when after (50000) cycles, the axial strain did
not exceed 5%. When the energy accumulated in the fluidised specimen increased by a
large amount, the test specimens failed (Fig. 5-17). Interestingly, the inflection point at
which there is a sudden rise in the cyclic shear strain energy correspond to the critical
number of cycles (Nc) as predicted by the mean EPP versus the degradation index plots
(Fig. 5-15).

Rapid
increment of
strain energy
(Fluidised
specimens)

Stable
Specimens

Fig. 5-17: Cyclic Shear Strain Energy accumulated in the specimen
(ρd = 1790 kg/m3, f = 1.0 Hz)
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5.7 Conclusions
The following chapter focussed on the generalised stress-strain behaviour of the soil
specimens subjected to cyclic loading. The salient findings from this chapter are as
follows:
•

Smaller stress-strain loops are obtained for the specimens subjected to a CSR <
CSRc under one-way stress-controlled triaxial testing. On the other hand, when
the CSR exceeds the critical CSRc, the specimen has broader stress-strain loops.

•

The q-p’ plots of the fluidised specimen exhibit a sudden non-zero drop before
reaching the undrained failure line. This is attributed to the cyclic softening of the
top layer of the specimen at high cyclic stress ratios.

•

The stiffness degradation index, which is defined as the ratio of the axial dynamic
stiffness of a given cycle to that of the first cycle, is plotted for stable and fluidised
specimens. The plots indicate that the fluidised specimens experience a rapid
degradation of the stiffness, irrespective of the applied loading frequency.

•

An empirical model for excess pore pressure is proposed and validated based on
the experimental results. The model is currently limited to be applicable at lower
frequency (≤ 1.0 Hz).

•

The stiffness degradation index plots when imposed with the excess pore pressure
plots provide an estimate for the critical number of cycles, Nc. Therefore,
computing the stiffness degradation index and the mean excess pore pressure by
carrying out laboratory tests can predict the onset of fluidisation by assessing the
critical number of cycles, Nc.

•

The cyclic shear strain energy (ECSS) for each cycle is evaluated by computing the
area of the stress-strain loops. It is noted that there is a rapid increment in the strain
energy stored in the specimen when the specimen fluidises at CSR > CSRc.
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CHAPTER 6 A NUMERICAL STUDY ON
VERTICAL DRAINS INCLUSIONS IN RAILWAY
SUBSTRUCTUREs
6.1 Introduction
This chapter discusses the numerical simulations carried out using PLAXIS2D to model
the cyclic excess pore pressures generated during the passage of trains. As discussed
extensively in the literature review, the soft soil deposits along the coast of Australia form
the foundation for most of the rail networks in this country. With high water contents in
the estuarine plains, the generation of excess pore pressure is expected to play a crucial
role in fluidising the soft subgrade fines.
The various mitigation methods used by the railway industry to regulate the effects of
mud pumping can generally be categorised as follows:
i.

Realignment of track and ballast refilling

Track realignment offers an inexpensive yet ineffective solution to regulate the effects of
mud pumping. The train driver reports the unevenness of the rail track and then a wide
spread manual survey is carried out at the notified sites. Heavy machinery is used to raise
the steel rails and refill the track with fresh ballast to the desired thickness. Although this
provides a short term solution, it does not completely resolve the problem of mud
pumping.
ii.

Subgrade stabilisation

Geosynthetic layers embedded in the track substructure have been known to increase the
stiffness of the track (Chawla & Shahu, 2016a). If a layer of geosynthetics is placed at the
interface of the ballast and subballast, these inclusions will offer uniform load distribution
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for the passage of trains and also increase track longevity. However, the rails and sleepers
of existing tracks must be removed so that the geosynthetic layers can be fitted. The use
of mass stabilisation techniques to improve the subgrade involves mixing adhering
substances into the soil. The use of cementitious materials will reduce the accumulation
of pore pressure in the railway subgrade (Voottipruex & Roongthanee, 2003). Wheeler et
al. (2017) stabilised a low-strength peat subgrade by mixing lime to improve track
stiffness.
iii.

Monitoring track performance

The railway track can be monitored manually (e.g. using displacement/settlement pegs)
or using sophisticated equipment such as geophones and digital image correlation.
Dynamic piezometers installed in the subgrade can indicate any changes in pore water
pressure during subsequent train passages (Aw, 2007). These methods are all useful for
observing the long term behaviour of track and they also act as indicators to judge the
probable cause of failure.
The phenomenon of mud pumping has been simulated in the laboratory by using a cyclic
triaxial apparatus (Alobaidi and Hoare 1994), a rigid physical model (Trinh et al. 2012,
Duong et al. 2014), or a scaled track model (Chawla and Shahu 2016a), each of which
has its own shortcomings. While several field sightings have been reported in the
literature (Voottipruex and Roongthanee 2003, Aw 2007, Hudson et al. 2016, Kuo et al.
2017), they primarily focused on post-pumping remediation techniques rather than a
rigorous analysis of instability mechanisms. A limited number of numerical simulations
have also been carried out to examine the possibility of halting mud pumping using
geosynthetics (Chawla and Shahu 2016b). There is an obvious need to establish a finite
element (FE) model which can predict the generation of EPP in the subgrade to better
understand the phenomenon of mud pumping.
129

Chapter 6 Numerical Simulation
Since sophisticated laboratory experimentation and field monitoring is expensive,
numerical simulations provide a cost-effective alternative to investigate subgrade
instability. The main objective of this study is to carry out a finite element analysis using
PLAXIS2D to improve our understanding of the dynamic pore pressures generated by
cyclic loading, and assess the efficiency of PVDs in delaying the build-up of threshold
EPP.

6.2

Development of Finite Element (FE) model

PLAXIS (Brinkgreve et al. 2016) has been widely used to simulate various track
substructure behaviours in the past considering both research and practical design
perspectives (Indraratna et al. 2012, Indraratna et al. 2014, Jiang and Nimbalkar 2019).

6.2.1 Preliminary validation of the PLAXIS FE model
This section aims to validate the FE model by considering how the dimensions and stress
are distributed over the depth of a foundation. The entire longitudinal cross-section of a
track was simulated such that a 20 m wide subgrade was considered to be enough to not
cause any boundary effects.

The dimensions of this model were decided on by

considering a uniform static load (of 230 kPa) acting on top of the ballast layer over a
width of 2.5 m, which is the nominal length of a sleeper. A linear elastic model was used
to simplify the calculation and validate the model. The linear elastic properties of the
subgrade, sub-ballast, and ballast layer are listed in Table 6-1. It is noted that the density
of the subballast layer, considered for the present analysis, is higher than that of the ballast
layer as it was modelled as an engineered soil layer for modern high-speed railway lines
in the UK (Powrie et al. 2007). 15-noded triangular elements (i.e., cubic strain elements)
were used to generate the FE mesh because it has more stress points than 6-noded linear
strain triangular elements (Sloan and Randolph 1982, Brinkgreve et al. 2016). While the
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cubic strain triangular elements increased the accuracy of the displacements calculated at
the nodes, the computational time was higher. The generated mesh used for this static
analysis is shown in Fig. 6-1.
Table 6-1: Model Parameters for elastic analysis (after Powrie et al. 2007)

Modulus

Width
Unit

of
Soil Layer
Elasticity,

Poisson’s
Ratio, ν’

Weight

Thickness

at the

(m)

base

Remarks

(kN/m3)
E (MPa)

(m)

Ballast

310

0.3

16.66

Side slope

0.3

2.2

Sub-ballast

130

0.4

22.54

1V:2H

0.15

2.5

Subgrade

30

0.4

19.6

-

-

-

Uniform static load
(230 kPa)
Ballast
Sub-ballast
Natural
Subgrade

10.0 m

20.0 m
Fig. 6-1: Mesh discretization for linear elastic material under uniform static load (Table 6-1)
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6.2.2 Selection of the model dimensions
Selecting appropriate dimensions is necessary because they play a vital role in governing
the boundary effects of the model. The model must have enough dimensions to negate the
applied boundary conditions and provide reasonable magnitudes of stress and strain
within the simulation boundary.
Three depths (viz., 7.5 m, 10.0 m and 12.5 m) were investigated using the properties in
Table 6-1. The stress induced by a uniform static load was examined whereas the stress
arising from the self-weight of all the material was ignored in this section. Fig. 6-2(a)
shows the variations in vertical stress generated along the centreline of the subgrade layer
subjected to a uniform static load. In every case, the side boundaries were restrained in a
normal direction whilst the bottom boundary remained fully fixed. There was no
significant difference between the 10.0 m and 12.5 m subgrade dimensions, until about
8.0 m depth. Since mud pumping is a shallow surface phenomenon (Selig and Waters
1994, Trinh et al. 2012), the stress generated in shallow regions was the focus of this
investigation so the model dimensions were fixed at 10.0 m. Furthermore, a medium mesh
(with 374 elements) was used to validate the model. Fig. 6-2(b) shows that the stress
generated in the subgrade agreed with the closed-form solutions based on Boussinesq’s
elastic theory (Poulos and Davis, 1974).
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(a)

(b)

Fig. 6-2: (a) Selection of the model dimensions (b) Validation of the model using Boussinesq’s
Theory

6.3 FE Model to simulate railway loading
To model the cyclic load generated by the passage of trains, the subgrade layer was 20 m
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width and 10 m deep. The subballast was 150 mm thick, the ballast was 300 mm thick
and the concrete sleeper was 200 mm thick, all of which were laid over the subgrade. The
gauge length of the track was 1.68 m, the nominal length of the sleeper was 2.5 m, and
the side slope of the rail track embankment was 1V:2H. The rail was modelled as a 160
mm wide plate element, and standard fixities were applied to all the nodes at the
boundary. The side boundaries were restrained horizontally to represent smooth contact
in a vertical direction. The bottom boundary was fixed with zero-displacement nodes.
Seepage was allowed on all model boundaries except the bottom, which was assumed to
be impervious. The discretised mesh is shown in Fig. 6-3.
Cyclic loading using
harmonic load multipliers

PVDs

10.0 m

Centreline
20.0 m

Fig. 6-3: FE model for railway foundation with consideration of cyclic loads and PVDs
installation (Not to scale)

6.3.1 Model Parameters
The material parameters used in the elasto-plastic model for cyclic loading are listed in
Table 6-2, they conform to previous studies which used similar ballast and sub-ballast
materials (Indraratna et al. 2012). The subgrade soil was modelled along with the
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subballast, ballast, sleepers and rails to investigate the rise in excess pore pressure under
cyclic loading. In the present model the ballast and subballast layers were considered as
being fully saturated to simulate the extreme conditions that can trigger subgrade
fluidisation (Aw, 2007, Duong et al. 2014). In this study, typical steel rails with a Young’s
modulus of 210000 MPa, an averaged cross-area A of 7.6125 x 10-3 m2 and a moment of
inertia I of 2.7x10-5 m4 were considered (Priest et al. 2010).

6.3.2 Dynamic load calculations
It was assumed that the wheel point loads are distributed between five sleepers, with the
maximum load being at the sleeper directly beneath the wheel (USACE 2000). A 25tonne

axle

load

(corresponding

to

a

maximum

rail

seat

load,

25

P=0.4× � 2 � ×9.81=49.05 kN) was simulated in the current study. The dynamic loading
was calculated based on the contact pressure between the sleeper and the ballast (Jeffs
and Tew 1991).
3P
σ'cyc = � � φ
bl
where P = 49.05 kN; b = width of the sleeper (0.26 m); l = nominal length of the sleeper
(2.5 m); and φ = factor that depends on the type of sleeper and condition of the track (φ
= 1, assumed). Therefore, with a 25t axle load, the dynamic stress acting on top of the
ballast is σ'cyc ≈230 kPa. PLAXIS enables the user to compute the cyclic loading
characteristics using the ‘dynamic mode’.
The current simulation was carried out using a harmonic load multiplier and a static load.
The static load was equal to half the load required to achieve 230 kPa on top of the ballast
(i.e., 143.75 kN each wheel load), whereas the frequency of the harmonic multiplier was
set at 15 Hz to simulate a train speed of 110 km/h (Indraratna et al. 2018). The amplitude
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for the load multiplier was 143.75 kN, and an appropriate phase difference was used to
simulate the one-way stress-controlled cyclic loading condition. This means the load on
top of the ballast would oscillate from 287.5 kN to zero kN in a sinusoidal waveform. The
number of cycles was limited to 1000 due to the computational time required to run a
larger number of cycles. With a bogey length of 20.0 m, and assuming that the passage
of one bogey would generate four loading cycles, 1000 loading cycles would correspond
to the passage of a 5.0 km long train, which is common in certain parts of Australia.

6.3.3 Prefabricated Vertical Drains (PVDs)
Prefabricated vertical drains (PVDs) have been widely used to enhance the dissipation of
excess pore pressure, but most PVD applications have only been considered under static
conditions (Chu et al. 2004, Indraratna et al. 2005a, Indraratna et al. 2016). Recent studies
of PVDs have shown they could help to reduce the build-up of excess pore pressure under
cyclic loading (Indraratna et al. 2009). For instance, short vertical drains were used at the
Sandgate Rail Grade Separation Project and successfully reduced the excess pore
pressured and lateral displacement of the soft subgrade during the passage of trains
(Indraratna et al. 2010). The ability of PVDs to stabilise subgrade foundations have been
simulated successfully in some previous studies by using PLAXIS (e.g. Indraratna et al.
2010). However, even though the studies that reported how PVDs could stabilise
subgrade foundations are limited (e.g. Indraratna et al. 2010), they still considered an
equivalent static load in their analysis, in which severely limited their model. In the
current study, an array of 6.0 m long PVDs at spacing’s of 1.5 m were used to predict the
pore pressure under dynamic loading. The vertical drains were set at a zero pore pressure
head to represent an idealised radial dissipation of excess pore pressure. However, the
equivalent lateral permeability of the subsoil for the two dimensional plane strain model
was not considered in this study.
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Table 6-2: Model Parameters used in the analysis (Indraratna et al. 2012)

Parameter

Subgrade

Sub-ballast

Ballast

Concrete

MC

MC

HS

LE

Material type

Undrained (A)

Drained

Drained

Non-Porous

γ (kN/m3)

17.56

16.67

15.98

24

E (kN/m2)

31.7x103

80x103

-

10 x106

-

-

21.34 x103

-

𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜

-

-

21.34 x103

-

𝐸𝐸𝑢𝑢𝑢𝑢

-

-

64.02 x103

-

ν

0.3

0.35

-

0.15

νur

-

-

0.2

-

c’ (kN/m2)

18

0

0

-

ϕ

32.7°

35°

58.47°

-

ψ

0°

5°

12.95°

-

Data Set

USDA

USDA

-

-

Van

Van
-

-

Genuchten

Genuchten

Type

Silty Clay

Sand

-

-

ck

0.05

1 x1015

1 x1015

-

Material
Model

𝑟𝑟𝑟𝑟𝑟𝑟

𝐸𝐸50 (kN/m2)
𝑟𝑟𝑟𝑟𝑟𝑟
𝑟𝑟𝑟𝑟𝑟𝑟

Model

𝑟𝑟𝑟𝑟𝑟𝑟

γ = unit weight, ein = initial void ratio, E = modulus of elasticity, 𝐸𝐸50 = secant modulus at 50% strength for
𝑟𝑟𝑟𝑟𝑟𝑟

𝑟𝑟𝑟𝑟𝑟𝑟

loading conditions, 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜 = tangent stiffness for primary oedometer loading, 𝐸𝐸𝑢𝑢𝑢𝑢

= triaxial

unloading/reloading stiffness, ν = Poisson’s ratio, νur = Poisson’s ratio for unloading/reloading, c’ =
effective cohesion, φ = effective friction angle, ψ = dilatancy angle, ck = change of permeability
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6.4 Results and discussion
The following section discusses the key results obtained from the numerical simulations.
They focus primarily on the generation of excess cyclic pore pressure at shallow depths
in the subgrade. It is imperative that the pore pressure response of subgrade soil under
cyclic loads be studied with and without vertical drains

6.4.1 Cyclic Excess Pore Pressure (EPP)
As discussed in the literature review, the cyclic excess pore pressure (EPP) induced due
to railway loading is a key factor that triggers mud pumping due to the rapid accumulation
of excess cyclic pore pressure in the subgrade layers, with higher magnitudes being closer
to the surface (see Fig. 6-4). Since the model was simulated with a free draining boundary
at the surface of the subgrade, there was negligible development of EPP at the subgradesub-ballast interface, however, these two layers may intermix in the field to some extent,
which will retard the free draining capacity of the subballast layer (Duong et al. 2013);
this interlayer effect was not modelled within the scope of this study. Since the drains
were assumed to be free draining, the pore water pressure at the drain was set to zero.

Fig. 6-4: Generation of excess pore pressure after 1000 loading cycles (15 Hz frequency)
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As can be seen from Fig. 6-5, the build-up of excess pore pressure in the subgrade can
increase to a high level in adverse conditions, i.e., fully saturated sub-ballast and ballast
layers. As an example, the excess pore pressure at shallow depths of say 0.5 m developed
quickly during the initial cycles, and reached almost 70 kPa after ten cycles. The excess
pore pressure increased to a stable state of approximately 90 kPa when further cycles were
considered. The deeper subgrade soil has less excess pore pressure because it represents
the attenuation of cyclic loads distributed over the depth of the subgrade. Previous
experimental investigations (Selig and Water 1994, Duong et al. 2014) indicated that
when the excess pore pressure increases to a certain critical level, the subgrade is
susceptible to fluidisation which is then pumped towards the surface (i.e., mud pumping).
The rapid generation of excess pore pressure can be captured using this current model.
For the model without drains, as the depth of the subgrade increased the build-up of pore
pressure also increased because the drainage path was longer. However, when vertical
drains are installed, the alternative radial drainage pathway reduces the pore pressure; this
also reduces the hydraulic gradient which is needed to cause the subgrade to be fluidised.
The stabilisation due to the inclusion of vertical drains is discussed in the forthcoming
section.
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(a)

(b)

Fig. 6-5: Variation of cyclic excess pore pressure along the centreline within the subgrade layer
(a) without PVDs (b) with PVDs at 1.5 m spacing

6.4.2 Ability of PVDs to stabilise railway foundation
The major function of PVDs is to reduce the accumulation of pore pressure during
continuous cyclic loading. PVDs provide a shorter radial drainage path which has been
shown to be effective under cyclic loading (Indraratna et al. 2009). The simulations
predicted that after about 100 loading cycles, the model with the PVDs (at 1.5 m spacing)
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would generate about 30% less EPP than the model without PVDs (Fig. 6-6). ).
Interestingly, the PVDs also began to dissipate the EPP after about 200 load cycles, which
shows how well the PVDs can delay the build-up of EPP to a critical value. One may
therefore conclude that PVDs will alleviate the potential fluidisation of fine subgrade soils
in railway foundations. Moreover, the stabilising effect of PVDs is prominent in the
shallow regions, i.e. at or close to the capping layer, where the stress generated due to the
rail loading is at a maximum.

Fig. 6-6: Effectiveness of PVDs in assisting pore pressure dissipation during cyclic loading
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Fig. 6-7: Total displacement vectors in the subgrade at 15 Hz frequency

The total displacement vectors for the model within the subgrade zone are shown in Fig.
6-7. Note the high concentration of total displacement vectors near the top surface of the
subgrade because they are closer to the dynamic load application. The effect of the
dynamic load decreases after about 3.0 m into the subgrade, as can be seen by the scatter
of total displacement vectors. Moreover, PVDs also control the lateral deformation under
a railway embankment, so when a cyclic load of 230 kPa was applied at a loading
frequency of 15 Hz, the drains had reduced the lateral deformation from 54 mm to less
than 5 mm (Fig. 6-8). Therefore, the railway embankment experienced less lateral
deformation and the subgrade experienced less excess pore water pressure when the
railway structure was stabilised with prefabricated vertical drains.
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Reduction in lateral
deformation with PVDs

Fig. 6-8: Lateral deformation at the toe of the rail embankment

6.4.3 Effect of train speed
A set of simulations were carried out to study how the loading frequency would affect the
generation of excess pore pressure in a railway subgrade with vertical drain inclusions.
The loading frequency varied from 5.0 Hz to 20.0 Hz to simulate train speeds of roughly
35 kmph to 150 kmph. The load on top of the ballast was set at 230 kPa to model a train
with a 25.0 tonne axle load. The generation of excess cyclic pore pressure can be seen in
Fig. 6-9. At a depth of 0.5 m in the subsoil, the excess pore pressure had risen quickly to
about 80 kPa in around 10 cycles, irrespective of the loading frequency. Interestingly, at
a loading frequency of 5.0 Hz the excess pore pressure dissipated rapidly, which shows
that the inclusion of vertical drains resists the build-up of excess pore pressure. Vertical
drains also provide an alternative radial drain path that will rapidly dissipate excess pore
pressure. This change in the flow path means that the hydraulic gradient in the subsoil
also changes direction. This characteristic means that when vertical drains are installed in
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a railway substructure, they help to prevent the fluidisation of problematic subsoil.

6.5 Limitations of the present study
The present numerical simulations were carried out in PLAXIS 2D under plane strain
conditions to simulate the accumulation of excess pore pressures under the cyclic loading
from a train with a 25 t axle load. The limitations of this current model are as follows:
•

The influence of the drains was investigated at shallow depths (≤ 1.5 m) because
the main aim was to study the generation of excess pore pressures near the
subgrade-subballast interface.

•

An equivalent reduction in lateral permeability for a plane strain condition was
not simulated in this study; however, it can be carried out by incorporating the 2D
plane strain conversion (Indraratna et al. 2005b).

•

The present study is limited to the passage of a train with a 25 t axle load, so it
will need to be extended to investigate the generation of pore pressure for heavyhaul high speed trains.
(a)

(b)
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(c)

(d)

Fig. 6-9 Variation in the cyclic excess pore pressure at different depths at (a) 5.0 Hz (b) 10.0 Hz
(c) 15.0 Hz (d) 20.0 Hz

6.6 Summary
This current numerical study was carried out to predict the development of excess pore
pressure and the ability of prefabricated vertical drains (PVDs) to reduce its build-up
under cyclic train loading. Based on the preliminary results obtained, the following
conclusions can be highlighted:
•

The numerical analysis showed a good correlation between the distribution of stress
and the depth of a railway foundation. It agreed well with the conventional closedform solutions for vertical stresses acting in the subgrade layer, especially at shallow
depths such as, < 3 m, where subgrade mud pumping is most susceptible.

•

A novel approach using harmonic load multipliers in PLAXIS to generate cyclic loads
under railways was examined in this chapter, and resulted in reasonable outcomes.

•

PVDs have reduced the excess pore pressure (EPP) by about 30% in shallow subgrade
regions under dynamic loading conditions. They also helped to reduce the build-up of
EPP in the first few cycles, and then tended to dissipate the EPP with continual loading
cycles.
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•

The vertical drains also reduced the lateral deformation of a railway embankment, and
therefore PVDs can provide all round stability for a rail track structure.

•

These characteristics mean that short PVDs will help to delay the onset of fluidisation
of subgrade fines and thus mitigate subgrade mud pumping under rail tracks.

146

CHAPTER 7 CONCLUSIONS
7.1 General Synopsis
The performance of a railway structure is governed by the quality of the subgrade
foundation. An inappropriate foundation design may lead to irregularities in the rail track
geometry, which will hinder track stability, and compromise the safety and overall quality
of travel. The subsequent and frequent maintenance of the track would not only amount
to a significant financial expense, but also cause discomfort for the commuters. One such
recurring issue with tracks laid on soft soil deposits is mud pumping.
The findings from the extensively reviewed literature associated with low plasticity soils
reveal they are more prone to mud pumping (Chapter 2). During the continuous passage
of trains, the soft, low-plastic subgrade softens even further to form slurry which shoots
up into the coarser ballast layers. This phenomenon is known as mud pumping. Under
extreme conditions, there have been reports of soil slurry being ejected upwards from the
ballast layers and onto the tracks. Although, cases of mud pumping have been sighted
across the world, there is no clear understanding of its governing mechanism. Moreover,
extensive geotechnical characterisations of subgrade prone to mud pumping have not
been carried out in the past. To address this gap a series of cyclic triaxial tests were carried
out on specimens of remoulded subgrade collected from a track site which has shown
repeated signs of pumping. The testing scheme encompassed a wide range of the loading
conditions that rail track subgrade can experience (Chapter 4).
The results of these experiments have been analysed and discussed in order to better
understand the fluidisation of rail subgrade under undrained cyclic loading (Chapter 4).
An additional analysis was carried out to investigate the reduction in stiffness of the
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fluidised specimens with respect to the accumulation of excess pore pressure (Chapter 5).
Some insights into the cyclic strain energy have also been discussed.
The deterioration of railway tracks due to mud pumping is often alleviated by packing
additional ballast or using geosynthetic inclusions, but the main causative factor for mud
pumping or the fluidisation of subgrade is a rapid generation of excess pore pressure. In
an effort to eliminate the root cause of mud pumping, numerical simulations were carried
out to examine the performance of prefabricated vertical drains (PVDs) installed into
railway subsoil (Chapter 6). This chapter draws together the key findings, highlights the
industry implications of the current research, and then makes some suggestions for
potential areas of further research that may help us to better understand the performance
of real railway tracks.

7.2 Conclusions
The salient findings form this research are as follows:
7.2.1 Mechanism of Mud Pumping
A number of conclusions can be drawn from the literature reviewed on mud pumping that
is relevant to rail substructure. The limited case studies reported across the world indicate
that the soils having low-to-medium plasticity are prone to mud pumping (Singh et al.
2019). Alobaidi and Hoare (1996) presented a preliminary analysis for the generation of
excess pore pressure under static loading and observed the generation of a high hydraulic
gradient at the top of the subgrade layer. The existing liquefaction susceptibility criterion
for fine-grained soils does not fully predict the vulnerability of subgrade prone to mud
pumping (Singh et al. 2019). The causative factors leading to the pumping of fines are:
•

Rapid build-up of excess pore pressure

•

Fluidisation of subgrade fines with low plasticity
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•

Hindered draining capacity of fouled ballast

•

Presence of water perched at the top of the subgrade

•

Repetitive loading from rail traffic

Based on the series of laboratory experiments conducted to understand the subgrade
fluidisation under cyclic triaxial loading, the main conclusions are detailed below:
•

When the soil specimen is subjected to a cyclic stress ratio (CSR) which exceeds
the critical cyclic stress ratio (CSRc) of the soil, there is rapid accumulation of
cyclic axial strains and mean excess pore pressure (EPP) within the test specimen.

•

The critical cyclic stress ratio (CSRc) is dependent on the initial dry density at
which the specimen is compacted. At higher density, the specimen is densely
compacted, therefore, it requires a larger CSR to cause failure.

•

For the given soil, when subjected to the critical cyclic stress ratio CSRc, the
higher loading frequency induces a delayed response in the accumulation of the
axial strains and pore pressure. On the other hand, at lower CSR (< CSRc), the
higher frequency causes higher residual strains. This observation shows that the
applied cyclic stress and the loading frequency are interdependent to cause the
fluidisation.

•

For the specimens that have fluidised, there is clear increment in the water content
at the top as opposed to the middle of the specimen. The water content measured
lies in close vicinity to the liquid limit of the soil. This internal redistribution of
the water content occurs along with the increment in the fines content at the top
of the specimen. It can therefore be concluded that under cyclic loading, there is
rearrangement of the fines particles due to the internal redistribution of the water
content which causes the fluidisation of the test specimens. One plausible
explanation for this behaviour can be attributed to the high specific surface area
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of the finer fraction of the specimen. A particle with large specific surface area
would adsorb more water around it and would explain why there is a change in
the distribution of the water content when there is a migration of fine particles.
Therefore, in essence, the upward migration of the fines is caused by the water
content redistribution occurring due to the repeated loading generated by the
passage of trains which results in mud pumping.
7.2.2 Stiffness degradation of the fluidised specimens
It is well-known that a cohesive soft soil specimen experiences strength reduction when
loaded cyclically. This reduction in the strength was captured by evaluating the axial
dynamic stiffness for every cycle and comparing it with the stiffness of the first cycle.
The following conclusions can be drawn from the analysis based on the stiffness
degradation:
•

When the given soil sample is subjected to a CSR which exceed the critical CSRc,
the specimens experience a considerable loss in the stiffness irrespective of the
applied loading frequency. Further, the stress-strain loops of the fluidised
specimens tend to be increasing in area.

•

The stiffness degradation index when superimposed with the mean excess pore
pressure plots have been used to predict the critical number of cycles required to
initiate fluidisation.

•

The specimens fluidise before reaching the undrained failure line; however, the
fluidisation line could not be determined from the number of tests that were
carried out.

•

In addition to the stiffness degradation, the cyclic strain energy stored in the
specimens that fluidise increase in a small number of cycles.
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7.2.3 Mitigation measure for mud pumping
Based on the series of extensive cyclic triaxial testing, it can be noted that the main reason
for the pumping of fines is the generation of high cyclic excess pore pressure. It is
therefore necessary to provide adequate measures to prevent the high excess pore pressure
build-up in the subgrade. The existing remediation measures mainly focus on
strengthening the subgrade soil either by ground improvement techniques (Voottipruex
& Roongthanee, 2003) or the use of geosynthetic inclusions (Chawla and Shahu 2016a,
Hudson et al. 2016). However, the numerical simulations carried out in PLAXIS2D show
that the inclusion of prefabricated vertical drains (PVDs) assist by not only reducing the
magnitude of the pore pressure generated in the subsoil but also facilitate in dissipating
the pore pressure under cyclic loading. Therefore, the inclusion of vertical drains can have
a two-fold advantage; (i) to stabilise the track prior to the construction and (ii) dissipating
the excess pore pressure during the usage of the track.

7.3 Industry Implications
The pumping of fines is prevalent in the railway industry; however, there is no consensus
on the mechanism governing the mud pumping phenomenon. The present research
focusses on understanding the undrained cyclic behaviour of the subsoil prone to mud
pumping. The laboratory results indicate that the fines in the subsoil soften to form a
slurry during the continuous passage of trains, which then pumps upwards when the water
content nears the liquid limit of the subsoil. The industry impact from this research is as
follows:
•

The plasticity of the subsoil governs whether the soil is prone to mud pump or not.
Based on the study, soils having low-to-medium plasticity exhibit prominent signs
of mud pumping in the field. The highly cohesive soils, need not necessary mud
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pump, however, when tracks are laid over these soils it may cause excessive
settlements.
•

The cyclic stress ratio (CSR) can be interpreted as the stress arising from the axle
load of the train normalised with twice the effective confining pressure. As the
axle load increases, the subsoil experiences higher strains and pore water pressure,
which leads to the softening and the formation a slurry. Once the slurry is formed,
the train speed does not influence the pumping of fines, as the subgrade soil has
already fluidised. Therefore, it is essential to prevent the rise of excess pore
pressure to delay the onset of fluidisation.

•

The inclusion of vertical drains has shown promising signs of reducing and
delaying the quick rise of excess pore pressure in the subsoil, therefore, the
stabilisation of rail track with PVDs can be employed to prevent the occurrence
of mud pumping in the field.

7.4 Further work and Recommendations
This research has identified one of the governing mechanisms of mud pumping based on
laboratory investigations under undrained conditions. However, in the field, there may be
partially drained conditions due to the free draining of the ballast and subballast layers. It
is therefore important to simulate real field conditions by applying a free-top drainage in
laboratory experiments. One way of doing this can involve large-scale triaxial testing with
a layer of ballast on top of the subgrade soil. It would be worthwhile noting how the pore
pressure in the subgrade specimen would respond, as would knowing how the hydraulic
gradient causes fines to segregate and travel to the ballast layer.
Another potential area of research would be to study the loss of inter-particle forces
between fine cohesive particles due to a rise in excess pore pressure. For example, in the
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field of chemical engineering where a fluid is passed from the bottom of a chamber onto
a bed of particles, to cause fluidisation under static conditions. This can be extended to
cyclic loading so that particle separation could be investigated using the discrete element
method (DEM), to come up with a microscopic understanding of mud pumping. The
change in the void ratio of the soil domain can provide more insight into the migration of
fines and the corresponding change in the water content. Additionally, the finite element
model developed in Chapter 6 can be extended to include the 2D plane strain conversion
(Indraratna et al. 2005b); however, it is noted that the 3D full-scale model would be able
to provide realistic predictions.
Finally, field monitoring a site prone to mud pumping would provide a hands-on
experience to further understand the mechanism of mud pumping. With moving train
loads there is change in the direction of principal stress in the soil element; this rotation
of principal stress generates higher excess pore pressure and strain in the soil (Mamou et
al. 2017), therefore field monitoring would represent a real-life stress condition
experienced by the soil prior to mud pumping.

153

List of References
Alobaidi, I. and Hoare, D.J. 1994. Factors affecting the pumping of fines at the subgrade–
subbase interface of highway pavements: a laboratory study. Geosynthetics
International, 1(2): pp. 221-259.

Alobaidi, I. and Hoare, D.J. 1996. The development of pore water pressure at the
subgrade–subbase interface of a highway pavement and its effect on pumping of
fines. Geotextiles and Geomembranes, 14(2): pp. 111-135.

Alobaidi, I. and Hoare, D.J. 1998. Qualitative Criteria for anti-pumping geocomposites.
Geotextiles and Geomembranes, 16: pp. 221-245.

Alobaidi, I. and Hoare, D.J. 1999. Mechanisms of pumping at the subgrade–subbase
interface of highway pavements. Geosynthetics International, 6(4): pp. 241-259.

Andersen, K.H., Pool, J.H., Brown, S.F. and Rosendbrand, W.F. 1980. Cyclic and Static
laboratory tests on Drammen Clay. Journal of Geotechnical Engineering, 106(5):
499-529.

Ansal, A.M. and Erken, A. 1989. Undrained behaviour of clay under cyclic shear stresses.
Journal of Geotechnical Engineering, 115(7): 968-983.

AS 1289.3.9.1. 2015. Methods of testing soils for engineering purposes Soil classification
tests - Determination of the cone liquid limit of a soil. Standards Australia.

ASTM D2487-17. 2017. Standard Practice for Classification of Soils for Engineering
Purposes (Unified Soil Classification System). West Conshohocken, PA, Pa.

154

References
ASTM D3441-16. 2016. Standard Test Method for Mechanical Cone Penetration Testing
of Soils, ASTM International, West Conshohocken, PA.

ASTM D4767-95. 1995. Standard Test Method for Consolidated Undrained Triaxial
Compression Test for Cohesive Soils. American Society for Testing and
Materials (ASTM), West Conshohocken, PA, Pa.

ASTM D5311-92. 2004. Standard test method for load controlled cyclic triaxial strength
of soil. American Society for Testing and Materials (ASTM), West
Conshohocken, PA, Pa.

ASTM D698-07. 2007. Standard test methods for laboratory compaction characteristics
of soil using standard effort. American Society for Testing and Materials, West
Conshohocken, PA, Pa.

ASTM D854-14. 2014. Standard Test Methods for Specific Gravity of Soil Solids by
Water Pycnometer, ASTM International, West Conshohocken, PA.

Australian Rail Track Corporation (ARTC). 2018. Annual Report. In.

Aw, E.S. 2007. Low Cost Monitoring System to Diagnose Problematic Rail Bed: Case
Study at a Mud Pumping Site. Doctor of Philosophy. thesis, Massachusetts
Institute of Technology.

Ayres, D.J. 1986. Geotextiles or Geomembranes in Track? British Railways' Experience.
Geotextiles and Geomembranes, 3: pp. 129-142.

155

References
Baki, M.A.L., Rahman, M.M., Lo, S.R. and Gnanendran, C.T. 2012. Linkage between
static and cyclic liquefaction of loose sand with a range of fines contents.
Canadian Geotechnical Journal, 49(8): 891-906. doi: 10.1139/t2012-045.

Boulanger, R.W. and Idriss, I.M. 2004. Evaluating the potential for liquefaction or cyclic
failure of silts and clays. Report UCD/CGM-04/01, Center for Geotechnical
Modeling, University of California, Davis: 129.

Bray, J.D. and Sancio, R.B. 2006. Assessment of the liquefaction susceptibility of finegrained soils. Journal of Geotechnical and Geoenvironmental Engineering,
132(9): pp. 1165-1177.

Brinkgreve, R., Engin, E. and Swolfs, W. 2016. Plaxis Reference Manual 2016.

Brown, S.F., Lashine, A.K.F. and Hyde, A.F.L. 1975. Repeated load triaxial testing of
silty clay. Géotechnique, 25(1): 95-114.

Cai, Y., Gu, C., Wang, J., Juang, C.H., Xu, C. and Hu, X. 2013. One-Way Cyclic Triaxial
Behavior of Saturated Clay: Comparison between Constant and Variable
Confining Pressure. Journal of Geotechnical and Geoenvironmental Engineering,
139(5): 797-809. doi: 10.1061/(asce)gt.1943-5606.0000760.

Cai, Y., Sun, Q., Guo, L., Juang, C.H. and Wang, J. 2015. Permanent deformation
characteristics of saturated sand under cyclic loading. Canadian Geotechnical
Journal, 52: 795-807.

Cai, Y., Wu, T., Guo, L. and Wang, J. 2018. Stiffness degradation and plastic strain
accumulation of clay under cyclic load with principal stress rotation and deviatoric
156

References
stress variation. Journal of Geotechnical and Geoenvironmental Engineering,
144(5).

Carter, J., Booker, J. and Wroth, C. 1980. A critical state soil model for cyclic loading.
Soil Mechanics Transient and Cyclic Loads. Constitutive Relations and
Numerical Treatment. John Wiley & Sons. 1:433-434

Castro, G. 1975. Liquefaction and Cyclic Mobility of Saturated Sands. Journal of the
Geotechnical Engineering Division, 101(6): 551-569.

Chawla, S. and Shahu, J.T. 2016a. Reinforcement and mud-pumping benefits of
geosynthetics in railway tracks: Model tests. Geotextiles and Geomembranes, 44:
pp. 366-380.

Chawla, S. and Shahu, J.T. 2016b. Reinforcement and mud-pumping benefits of
geosynthetics in railway tracks: Numerical analysis. Geotextiles and
Geomembranes, 44: 344-357.

Cola, S. and Cortellazzo, G. 2005. The Shear Strength Behavior of Two Peaty Soils.
Geotechnical & Geological Engineering, 23(6): 679-695. doi: 10.1007/s10706004-9223-9.

Das, B. and Ramana, G.J.I., Boston. 2010. Principles of soil dynamics, 2nd edn. Cengage
Learning.

Dash, H.K. and Sitharam, T.G. 2016. Effect of frequency of cyclic loading on liquefaction
and dynamic properties of saturated sand. International Journal of Geotechnical
Engineering, 10(5): 487-492. doi: 10.1080/19386362.2016.1171951.
157

References
Davis, R.O. and Berrill, J.B. 2001. Pore pressure and dissipated energy in earthquakes Field verification. Journal of Geotechnical and Geoenvironmental Engineering,
127(3): 269-274.

Deng, Q.-L. and Ren, X.-W. 2017. An energy method for deformation behaviour of soft
clay under cyclic loads based on dynamic response analysis. Soil Dynamics and
Earthquake Engineering, 94: 75-82.

Dìaz‐Rodrìguez, J.A., Leroueil, S. and Alemàn, J.D. 1992. Yielding of Mexico City Clay
and Other Natural Clays. Journal of Geotechnical Engineering, 118(7): 981-995.
doi: doi:10.1061/(ASCE)0733-9410(1992)118:7(981).

Duong, T.V., Tang, A.M., Cui, Y.-J., Trinh, V.N., Dupla, J.-C., Calon, N., Canou, J. and
Robinet, A. 2013. Effects of fines and water contents on the mechanical behaviour
of interlayer soil in ancient railway sub-structure. Soil and Foundations, The
Japanese Geotechnical Society, 53(6): 868-878.

Duong, T.V., Cui, Y.-J., Tang, A.M., Dupla, J.-C., Canou, J., Calon, N., Robinet, A.,
Chabot, B. and De Laure, E. 2014. Physical Model for Studying the Migration of
Fine Particles in the Railway Substructure. Geotechnical Testing Journal, 37(5):
pp. 1-12.

Esveld, C. 2001. Modern railway track, MRT Production, The Netherlands

Florin, V. and Ivanov, P. 1961. Liquefaction of saturad sandy soils. Proc. 5th Int. Soil
Mech. Foundat. Eng., Paris, 1: 107-111.

158

References
Green, R., Mitchell, J. and Polito, C. 2000. An energy-based excess pore pressure
generation model for cohesionless soils. In Proceedings of the Proceedings of the
John Booker Memorial Symposium, Sydney Australia, AA Balkema Publishers,
Rotterdam, Netherlands.

Guo, L., Wang, J., Cai, Y., Liu, H., Gao, Y. and Sun, H. 2013. Undrained deformation
behavior of saturated soft clay under long-term cyclic loading. Soil Dynamics and
Earthquake Engineering, 50: 28-37. doi: 10.1016/j.soildyn.2013.01.029.

Hanna, A.M. and Javed, K. 2008. Design of Foundations on Sensitive Champlain Clay
Subjected to Cyclic Loading. 134(7): 929-937. doi: doi:10.1061/(ASCE)10900241(2008)134:7(929).

Hayashi, S. and Shahu, J.T. 2000. Mud pumping problem in tunnels on erosive soil
deposits. Géotechnique, 50(4): pp. 393-408.

Hazen, A. 1920. Hydraulic-fill dams. Transactions of the American Society of Civil
Engineers, 83(1): 1713-1745.

Hudson, A., Watson, G., Le Pen, L. and Powrie, W. 2016. Remediation of Mud Pumping
on a Ballasted Railway Track. In Proceedings of the The 3rd International
Conference on Transportation Geotechnics Vol. 143, pp. pp. 1043-1050.

Hussaini, S.K.K., Indraratna, B. and Vinod, J.S. 2012. Performance of geosyntheticallyreinforced rail ballast in direct shear conditions. In: G. A. Narsilio, Arulrajah, A.
& Kodikara, J. (eds.) 11th Australia- New Zealand Conference on Geomechanics:
Ground Engineering in a Changing World. Australia. 1268-1273.

159

References
Hyde, A.F.L. and Ward, S.J. 1986. The effect of cyclic loading on the undrained shear
strength of a silty clay. Marine Geotechnology, 6(3): 299-314. doi:
10.1080/10641198609388192.

Hyde, A.F.L., Higuchi, T. and Yasuhara, K. 2006. Liquefaction, Cyclic Mobility, and
Failure of Silt. Journal of Geotechnical and Geoenvironmental Engineering,
132(6): 716-735.

Hyodo, M., Yasuhara, K. and Hirao, K. 1992. Prediction of clay behaviour in undrained
and partially drained cyclic triaxial tests. Soils and Foundations, 32(4): 117-127.

Hyodo, M., Hyde, A.F.L., Yamamoto, Y. and Fujii, T. 1999. Cyclic shear strength of
undisturbed and remoulded marine clays. Soils and Foundations, 39(2): 45-58.
doi: 10.3208/sandf.39.2_45.

Idriss, I.M., Dobry, R. and Singh, R.D. 1978. Nonlinear behaviour of soft clays during
cyclic loading. Journal of Geotechnical Engineering Division, 104(GT45): 14271448.

Indraratna, B., Rujikiatkamjorn, C. and Sathananthan, I. 2005a. Analytical and numerical
solutions for a single vertical drain including the effects of vacuum preloading.
Canadian Geotechnical Journal, 42(4): 994-1014.

Indraratna, B., Sathananthan, I., Rujikiatkamjorn, C. and Balasubramaniam, A.S. 2005b.
Analytical and Numerical Modeling of Soft Soil Stabilized by Prefabricated
Vertical Drains Incorporating Vacuum Preloading. 5(2): 114-124. doi:
doi:10.1061/(ASCE)1532-3641(2005)5:2(114).

160

References
Indraratna, B., Attya, A. and Rujikiatkamjorn, C. 2009. Experimental Investigation on
Effectiveness of a Vertical Drain under Cyclic Loads. Journal of Geotechnical and
Geoenvironmental Engineering, 135(6): pp. 835-839.

Indraratna, B., Rujikiatkamjorn, C., Ewers, B. and Adams, M. 2010. Class A prediction
of the behaviour of soft estuarine soil foundation stabilized by short vertical drains
beneath a rail track. Journal of Geotechnical and Geoenvironmental Engineering,
136(5): 686-696.

Indraratna, B., Nimbalkar, S. and Rujikiatkamjorn, C. 2012. Future of Australian rail
tracks capturing higher speeds with heavier freight. International Journal of
Railway Technology, 1(1): 195-219.

Indraratna, B., Nimbalkar, S. and Rujikiatkamjorn, C. 2014. From theory to practice in
track geomechanics – Australian perspective for synthetic inclusions.
Transportation

Geotechnics,

1(4):

171-187.

doi:

https://doi.org/10.1016/j.trgeo.2014.07.004.

Indraratna, B., Nguyen, T.T., Carter, J. and Rujikiatkamjorn, C. 2016. Influence of
biodegradable natural fibre drains on the radial consolidation of soft soil.
Computers and Geotechnics, 78: 171-180.

Indraratna, B., Sun, Q., Heitor, A. and Grant, J. 2017. Performance of rubber tire-confined
capping layer under cyclic loading for railroad conditions. Journal of Materials in
Civil Engineering, ASCE, 30(3): 06017021.

161

References
Ishihara, K. and Yasuda, S. 1980. Cyclic strengths of undisturbed cohesive soils of
western Tokyo. In Proceedings of the Proc. of Int. Symp. on Soils under Cyclic
and Transient Loading pp. 57-66.

Jeffs, T. and Tew, G. 1991. A Review of Track Design Procedures-Sleepers and Ballast,
Vol. 2, Railways of Australia. Australian Government Publishing Service,
Melbourne.

Jiang, M.J., Konrad, J.M. and Leroueil, S. 2003. An efficient technique for generating
homogeneous specimens for DEM studies. Computers and Geotechnics, 30: 579597.

Jiang, M., Cai, Z., Cao, P. and Liu, D. 2010. Effect of Cyclic Loading Frequency on
Dynamic Properties of Marine Clay. GeoShanghai International Conference,
Shanghai, China: 240-245.

Jiang, Y. and Nimbalkar, S.S. 2019. Finite Element Modelling of Ballasted Rail Track
Capturing Effects of Geosynthetic Inclusions. Frontiers in Built Environment, 5:
69.

Kagawa, T. 1992. Moduli and damping factors of soft marine clays. Journal of
Geotechnical Engineering, 118(9): 1360-1375.

Kallioglou, P., Tika, T. and Pitilakis, K. 2008. Shear modulus and damping ratio of
cohesive soils. Journal of Earthquake Engineering, 12(6): 879-913.

Kermani, B., Xiao, M., Stoffels, S.M. and Qiu, T. 2018. Reduction of subgrade fines
migration into subbase of flexible pavement using geotextile. Geotextiles and
162

References
Geomembranes,

46(4):

377-383.

doi:

https://doi.org/10.1016/j.geotexmem.2018.03.006.

Kermani, B., Xiao, M. and Stoffels, S.M. 2019. Analytical study on quantifying the
magnitude and rate of subgrade fines migration into subbase under flexible
pavement.

Transportation

Geotechnics,

18:

46-56.

doi:

https://doi.org/10.1016/j.trgeo.2018.11.003.

Kokusho, T. 2013. Liquefaction potential evaluations: energy-based method versus
stress-based method. Canadian Geotechnical Journal, 50: 1088-1099.

Konrad, J.M. and Wagg, B.T. 1993. Undrained Cyclic Loading of Anisotropically
Consolidated Clayey Silts. 119(5): 929-949. doi: doi:10.1061/(ASCE)07339410(1993)119:5(929).

Konstadinou, M. and Georgiannou, V.N. 2014. Prediction of pore water pressure
generation leading to liquefaction under torsional cyclic loading. Soils and
Foundations, 54(5): 993-1005. doi: https://doi.org/10.1016/j.sandf.2014.09.010.

Kramer, S.L. 1996. Geotechnical earthquake engineering / Steven L. Kramer. Prentice
Hall.

Kunii, D. and Levenspiel, O. 2013. Fluidization engineering. Elsevier.

Kuo, C., Hsu, C., Wu, C., Liu, P. and Chen, D. 2017. Study on the Piping Path and
Mechanism of Mud-pumping in Railway Subgrade. 19th International Conference
on Soil Mechanics and Geotechnical Engineering. Seoul, South Korea.

163

References
Ladd, R.S. 1978. Preparing test specimens using undercompaction. Geotechnical Testing
Journal, 1(1): 16-23.

Larew, H.G. 1960. Strength and deformation characteristics of compacted soils under the
action of repeated axial loads. PhD Thesis, Purdue University, W. Lafayette,
Ind.

Larew, H.G. and Leonards, G.A. 1962. A strength criterion for repeated loads. Highway
Research Board Proceedings, 41: 529-556.

Leal, A.N. and Kaliakin, V.N. 2013. Behaviour of cohesive soils subjected to cyclic
loading: An extensive review of pertinent literature. In University of Delaware,
Newark, Delaware, U.S.A.

Lee, K.L. and Focht, J.A. 1976. Strength of clay subjected to cyclic loading. Marine
Geotechnology, 1(3): 165-185. doi: 10.1080/10641197609388162.

Lee, C.-J. and Sheu, S.-F. 2007. The stiffness degradation and damping ratio evolution of
Taipei Silty Clay under cyclic straining. Soil Dynamics and Earthquake
Engineering, 27(8): 730-740.

Lefebvre, G. and LeBoeuf, D. 1987. Rate Effects And Cyclic Loading of Sensitive Clays.
113(5): 476-489. doi: doi:10.1061/(ASCE)0733-9410(1987)113:5(476).

Lei, H., Li, B., Lu, H. and Ren, Q. 2016. Dynamic Deformation Behavior and Cyclic
Degradation of Ultrasoft Soil under Cyclic Loading. 28(11): 04016135. doi:
doi:10.1061/(ASCE)MT.1943-5533.0001641.

164

References
Li, D. and Selig, E.T. 1995. Evaluation of railway subgrade problems. Transportation
Res. Rec. No. 1489, Transportation Research Board, Washington, D.C.: 1725.

Liu, J. and Xiao, J. 2010. Experimental study on the stability of railroad silt subgrade with
increasing train speed. Journal of Geotechnical and Geoenvironmental
Engineering, 136(6): 833-841.

Lo, K.Y. 1962. Shear Strength Properties of a Sample of Volcanic Material of the Valley
of Mexico. Géotechnique, 12(4): 303-318. doi: 10.1680/geot.1962.12.4.303.

Mamou, A., Powrie, W., Priest, J.A. and Clayton, C. 2017. The effects of drainage on the
behaviour of railway track foundation materials during cyclic loading.
Géotechnique, 67(10): 845-854. doi: 10.1680/jgeot.15.P.278.
Martínez, E., Patiño, H. and Galindo, R. 2017. Evaluation of the risk of sudden failure of
a cohesive soil subjected to cyclic loading. Soil Dynamics and Earthquake
Engineering, 92: 419-432.

Matsui, T., Ito, T. and Ohara, H. 1980. Cyclic stress-strain history and shear
characteristics of clay. Journal of the geotechnical Engineering Division, 106(10):
1101-1120.

Miller, G.A., Teh, S.Y., Li, D. and Zaman, M.M. 2000. Cyclic shear strength of soft
railroad subgrade. Journal of Geotechnical and Geoenvironmental Engineering,
126(2): 139-147.

165

References
Mortezaie, A.R. and Vucetic, M. 2013. Effect of Frequency and Vertical Stress on Cyclic
Degradation and Pore Water Pressure in Clay in the NGI Simple Shear Device.
139(10): 1727-1737. doi: doi:10.1061/(ASCE)GT.1943-5606.0000922.

Muhunthan, B. and Worthen, D.L. 2011. Critical state framework for liquefaction of fine
grained

soils.

Engineering

Geology,

117(1):

2-11.

doi:

https://doi.org/10.1016/j.enggeo.2010.09.013.

Nemat-Nasser, S. and Shokooh, A. 1979. A unified approach to densification and
liquefaction of cohesionless sand in cyclic shearing. Canadian Geotechnical
Journal, 16: 659-678.

Ni, J. 2012. Application of Geosynthetic Vertical Drains under Cyclic Loads in
Stabilizing Tracks. Doctor of Philosophy. Thesis, University of Wollongong.

Ni, J., Indraratna, B., Geng, X.-Y., Carter, J.P. and Rujikiatkamjorn, C. 2013. Radial
consolidation of soft soil under cyclic loads. Computers and Geotechnics, 50: 15.

Ni, J., Indraratna, B., Geng, X.-Y., Carter, J.P. and Chen, Y.-L. 2015. Model of Soft Soils
under Cyclic Loading. 15(4): 04014067. doi: doi:10.1061/(ASCE)GM.19435622.0000411.

Nieto Leal, A. and Kaliakin, V.N. 2016. General response observed in cyclically loaded
cohesive soils. Ciencia e Ingeniería Neogranadina, 26(1): 21-39.

Okur, D. and Ansal, A. 2007. Stiffness degradation of natural fine grained soils during
cyclic loading. Soil Dynamics and Earthquake Engineering, 27(9): 843-854.
166

References
Paul, M., Sahu, R.B. and Banerjee, G. 2015. Undrained Pore Pressure Prediction in
Clayey Soil under Cyclic Loading. International Journal of Geomechanics, 15(5):
04014082. doi: 10.1061/(asce)gm.1943-5622.0000431.

Poulos, H.G. and Davis, E.H. 1974. Elastic solutions for soil and rock mechanics. John
Wiley.

Powrie, W., Yang, L. and Clayton, C.R. 2007. Stress changes in the ground below
ballasted railway track during train passage. Proceedings of the Institution of
Mechanical Engineers, Part F: Journal of Rail Rapid Transit, 221(2): 247-262.

Priest, J., Powrie, W., Yang, L., Grabe, P. and Clayton, C. 2010. Measurements of
transient ground movements below a ballasted railway line. Géotechnique, 60(9):
667.

Procter, D.C. and Khaffaf, J.H. 1984. Cyclic Triaxial Tests on Remoulded Clays. 110(10):
1431-1445. doi: doi:10.1061/(ASCE)0733-9410(1984)110:10(1431).

Ramberg, W. and Osgood, W.R. 1943. Description of stress-strain curves by three
parameters.

Raymond, G.P. 1986. Geotextile Application for a branch line upgrading. Geotextiles and
Geomembranes, 3(2): 91-104. doi: https://doi.org/10.1016/0266-1144(86)900026.

Sağlam, S. and Bakir, S. 2018. Models for Pore Pressure Response of Low Plastic Fines
Subjected to Repeated Loads. Journal of Earthquake Engineering, 22(6): 10271041. doi: 10.1080/13632469.2016.1269697.
167

References
Sakai, A., Samang, L. and Miura, N. 2003. Partially-drained cyclic behavior and its
application to the settlement of a low embankment road on silty-clay. Soils and
Foundations, 43(1): 33-46. doi: 10.3208/sandf.43.33.

Sangrey, D.A., Henkel, D.J. and Esrig, M.I. 1969. The effective response of a saturated
clay soil to repeated loading. Canadian Geotechnical Journal, 6(3): 241-252.

Sangrey, D.A. and France, J.W. 1980. Peak strength of clay soils after a repeated loading
history. In Proceedings of the International Symposium on Soils under Cyclic and
Transient Loading pp. 421-430.

Sayeed, M.A. and Shahin, M.A. 2017. Design of ballasted railway track foundations using
numerical modelling. Part I: Development. Canadian Geotechnical Journal, 55(3):
353-368.

Schofield, A.N. 2005. Disturbed soil properties and geotechnical design. Thomas Telford.

Seed, B. and Lee, K.L. 1966. Liquefaction of saturated sands during cyclic loading.
Journal of Soil Mechanics & Foundations Div, 92(ASCE# 4972 Proceeding).

Selig, E.T. and Waters, J.M. 1994. Track geotechnology and substructure management.
Thomas Telford Services Ltd, London.

Simcock, K.J., Davis, R.O., Berrill, J.B. and Mullenger, G. 1983. Cyclic triaxial tests with
continuous measurement of dissipated energy. Geotechnical Testing Journal, 6(1):
35-39.

168

References
Singh, M., Indraratna, B. and Rujikiatkamjorn, C. 2019. Use of Geosynthetics in
Mitigating the Effects of Mud Pumping: A Railway Perspective. In Geotechnics
for Transportation Infrastructure. Edited. Springer. pp. 609-618.

Sitharam, T.G. and Govindaraju, L. 2007. Pore pressure generation in silty sands during
cyclic loading. Geomechanics and Geoengineering, 2(4): 295-306. doi:
10.1080/17486020701670460.

Sloan, S. and Randolph, M.F. 1982. Numerical prediction of collapse loads using finite
element methods. International Journal for Numerical and Analytical Methods in
Geomechanics, 6(1): 47-76.

Takatoshi, I. 1997. Measure for stabilization of railway earth structure. Japan Railway
Technical Service, 290.

Tennakoon, N. 2012. Geotechnical study of engineering behaviour of fouled ballast.
Doctor of Philosophy. Thesis, University of Wollongong.

Tennakoon, N. and Indraratna, B. 2014. Behaviour of clay-fouled ballast under cyclic
loading. Géotechnique, 64(6): 502-506.

The Department of Infrastructure Transport Cities and Regional Development. History of
Rail

in

Australia

[Online].

Available:

https://www.infrastructure.gov.au/rail/trains/history.aspx [Accessed].

Thian, S.Y. and Lee, C.Y. 2017. Cyclic stress-controlled tests on offshore clay. Journal
of Rock Mechanics and Geotechnical Engineering, 9(2): 376-381. doi:
https://doi.org/10.1016/j.jrmge.2016.06.013.
169

References
Thiers, G.R. and Seed, H.B. 1968. Cyclic stress-strain characteristics of clay. Journal of
Soil Mechanics & Foundations Div, 94(2): 555-569.

Towhata, I. and Ishihara, K. 1985. Shear Work and pore water pressure in undrained
shear. Soil and Foundations, 25(3): 73-84.

Trinh, V.N., Tang, A.M., Cui, Y.-J., Dupla, J.-C., Canou, J., Calon, N., Lambert, L.,
Robinet, A. and Schoen, O. 2012. Mechanical characterisation of the fouled
ballast in ancient railway track substructure by large-scale triaxial tests. Soil and
Foundations, The Japanese Geotechnical Society, 52(3): pp. 511-523.

USACE. 2000. Railroad Design and Construction. Washington, DC, U.S. Army Corps of
Engineers. TI 850-02 32-1125(I).

Usman, K., Burrow, M. and Ghataora, G. 2015. Railway track subgrade failure
mechanisms using a fault chart approach. Procedia Engineering, 125: pp. 547555.

Voottipruex, P. and Roongthanee, J. 2003. Prevention of Mud Pumping in Railway
Embankment. A Case Study from Baeng Pra-Pitsanuloke, Thailand. The Journal
of KMITB, 13(1): pp. 20-25.

Vucetic, M. and Dobry, R. 1988. Degradation of marine clays under cyclic loading.
Journal of Geotechnical Engineering, 114(2): 133-149.

Vucetic, M. and Dobry, R. 1991. Effect of Soil Plasticity on Cyclic Response. 117(1): 89107. doi: doi:10.1061/(ASCE)0733-9410(1991)117:1(89).

170

References
Wheeler, L.N., Take, W.A. and Hoult, N.A. 2017. Performance assessment of peat rail
subgrade before and after mass stabilization. Canadian Geotechnical Journal, 54:
674-689.

Wichtmann, T., Andersen, K.H., Sjursen, M.A. and Berre, T. 2013. Cyclic tests on highquality undisturbed block samples of soft marine Norwegian clay. Canadian
Geotechnical Journal, 50(4): 400-412. doi: 10.1139/cgj-2011-0390.

Wilson, N.E. and Elgohary, M.M. 1974. Consolidation of Soils Under Cyclic Loading.
Canadian Geotechnical Journal, 11(3): 420-423. doi: 10.1139/t74-042.

Worthen, D. 2009. Critical state framework and liquefaction of fine-grained soils. Thesis,
Washington State University.

Yang, Q., Tang, Y., Yuan, B. and Zhou, J. 2019. Cyclic stress–strain behaviour of soft
clay under traffic loading through hollow cylinder apparatus: effect of loading
frequency. Road Materials and Pavement Design, 20(5): 1026-1058. doi:
10.1080/14680629.2018.1428219.

Yasuhara, K., Hirao, K. and Hyde, A.F.L. 1992. Effects of cyclic loading on undrained
strength and compressibility of clay. Soil and Foundations, The Japanese
Geotechnical Society, 32(1): 100-116.

Yasuhara, K., Yamanouchi, T. and Hirao, K. 1982. Cyclic Strength and Deformation of
Normally consolidated clay. Soils and Foundations, 22(3): 77-91.

171

References
Yıldırım, H. and Erşan, H. 2007. Settlements under consecutive series of cyclic loading.
Soil

Dynamics

and

Earthquake

Engineering,

27(6):

577-585.

doi:

https://doi.org/10.1016/j.soildyn.2006.10.007.

Yılmaz, M.T., Pekcan, O. and Bakır, B.S. 2004. Undrained cyclic shear and deformation
behavior of silt–clay mixtures of Adapazarı, Turkey. Soil Dynamics and
Earthquake

Engineering,

24(7):

497-507.

doi:

https://doi.org/10.1016/j.soildyn.2004.04.002.

Yoder, E.J. 1957. Pumping of Highway and Airfield Pavements : Technical Paper. In
Joint Highway Research Project. Purdue University, Lafayette, Indiana.

Zergoun, M. and Vaid, Y.P. 1994. Effective stress response of clay to undrained cyclic
loading. Canadian Geotechnical Journal, 31(5): 714-727. doi: 10.1139/t94-083.

Zhou, J. and Gong, X. 2001. Strain degradation of saturated clay under cyclic loading.
Canadian Geotechnical Journal, 38: 208-212.

172

